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INTRODUCTION 


By F. C. lea, O.B.E. 

D.Sc., M.I.Mech.E., M.Inst.C.E. 


The process of steel making from wrought iron has been 
known for many centuries; but during the last eighty years, 
since Bessemer first made mild steel in the converter, there have 
been very remarkable developments, which have led to revolu¬ 
tions in engineering practice, and have made possible the con¬ 
struction of engines and machines, many types of electrical 
plant, and domestic and chemical utensils that would otherwise 
have been impossible, 

Michael Faraday more than one hundred years ago made 
experiments on the alloying of certain other metals with iron. 
All the older steels depended for their properties upon the 
carbon content of the steel, and they contmued to be made until 
Huntsman developed the method of making crucible steel, by 
melting bars at high temperatures, which had been carbonized 
in a manner somewhat similar to that in which case-hardenmg 
is still practised. 

Shortly after Bessemer produced steel in the converter, it was 
found that a certain percentage of manganese was necessary to 
remove oxygen from the molten steel and to overcome some of 
the difficulties due to the sulphur and phosphorus that were 
present. By increasing the manganese content and adding a 
considerable percentage of tungsten, Mushet produced the well- 
known “ self-hardening ” steel, which can be said to be the 
forerunner of the modem high-speed steels. 

In metallurgical works and laboratories all nver the world 
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very many experiments have been carried out during the last 
fifty years to determine the effect of various alloying elements, 
and to-day a very large number of alloy steels are being pro¬ 
duced, which are being used in many industries, and have led to 
revolutions in industrial practice probably as great as any that 
have been brought about in any corresponding period in the 
world’s history. 

The discovery of the manganese steels by Sir Robert Hadfield, 
and of the stainless steels by Mr. Harry Brearley, the develop¬ 
ment of silicon steels and cobalt steels for the construction of 
magnets, the heat-resisting steels, the tungsten and tungsten- 
cobalt steels for tools and other purposes, have all had a remark¬ 
able influence upon modern engineering development. 

In the chemical and dyeing industries the stainless and heat- 
resisting steels have made it possible to carry out industrial 
processes in vessels made of these steels, which before could 
only be carried out in other specially prepared vessels of less 
substantial and much more expensive materials. The motor-car 
and the aeroplane owe much to the development of suitable 
steels, capable of resisting the extreme conditions of service 
required in these remarkable modern aids to transport. In the 
workshop, lathes and other types of machines for removing metal 
have had, during the last thirty years, to be redesigned in order 
that they might use efficiently and effectively the remarkable 
tool steels that have been developed. 

It is, however, of great significance and importance that nearly 
all the steels to which reference has been made, including the 
carbon steels, depend for their properties not only upon their 
composition, but also upon the particular treatments to which 
they are subjected during the course of manufacture, and their 
preparation for the purpose for which they are to be used. 

It becomes increasingly desirable, therefore, that all those 
interested in steel and its use for any paiticular purpose should 
be aware of the very great importance of the particular “ struc¬ 
ture ” that steel should have in order to meet particular conditions. 

The book that Dr. Gregory and Mr. Simons have produced 
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endeavours to supply in a simple way the information that should 
be available to anyone who is interested in any industrial problem 
in connexion with which some type of steel may be required to 
meet specific requirements. 

The subject is important; but there are clearly many scien¬ 
tific and technical problems related to it which can only be 
adequately dealt with in large and specialized publications. This 
book only attempts to give what some may perhaps call a very 
superficial view of the subject of the structure of steel; but from 
the experience which the writer of this introduction has had 
amongst engineers and those engaged in other industries neces¬ 
sitating the use of steel, there seems no doubt that the matter 
contained in this book will be of value and interest to those who 
read it. One impression will no doubt be left in the mind of the 
reader—the desirability, yea, the necessity, of consulting the 
manufacturers as to the suitability of any one of the large number 
of steels available and the particular heat treatment that it should 
receive, in order that it may have the properties best suited to 
the- particular purpose for which it is to be used. 




PREFACE TO FIRST EDITION 


The genesis of this book, viewed in far perspective, was the 
daily work of editing a technical journal on steel and engineer¬ 
ing, the Edgar Allen News. Engaged in this from 1919 onwards, 

I had ample occasion to observe two significant facts. First, 
steel experts and metallurgists generally are convinced that what 
is common knowledge to them is common knowledge in the 
abstract, an assumption clearly untrue. Secondly, the people 
who buy, sell, study, manipulate, and in short have to do with, 
steel (with the exception of the experts aforementioned), thirst 
for an insight into steel and its structure, because they need this 
insight in their work and do not find it easy to come by. 

In view of the spate of technical literature issuing from the 
prmting presses of the world, this last statement may seem 
absurd. Nevertheless, examination shows that the literature on 
steel is either written by experts for experts—in which case the 
layman cannot make head or tail of it—or written by professors 
for students. But the academic textbooks (and I do not exclude 
from this even my collaborator’s amazingly good book on 
Metallurgy) assume in their readers a basis of chemical, practical, 
or scientific knowledge not everyone possesses. Also they employ 
the simpler technical terms with a freedom the ordinary person 
cannot emulate. 

The position is further complicated by queer kinks in human 
nature. On the one hand, certain experts regard the layman as 
an ignorant ass, and will not, therefore, go out of their way to 
make things clearer for him. Their attitude is the Yorkshire one 
of: “ Tha knoas nowt abaht it, and tha’d best not meddle wi’ 
what tha doesn’t understand.” On the other hand, the expert 
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seldom writes well. Writing is a skilled job, and it is not easy for 
the unskilled labourer in this field to dig up and present his 
knowledge in digestible form, even when he is willing. 

More and more, then, as the years went by, I became con¬ 
vinced that not only were there—as the correspondence files of 
the Edgar Allen News showed—hundreds of people all over the 
world craving for some simple and readily understandable treatise 
on steel and its structure, but also I myself, a non-technical man, 
was in exactly the same plight. I had been dealing with steel all 
my life, and it was still, for me, something “ wropt in mystery 

I toddled about among my colleagues for many moons, 
assiduously dropping seeds that I hoped would germinate in 
their minds and one day produce such a book as the present. 
But in the end I realized, as many a journalist has realized before 
me, that if one wants a book in everyday language on a particular 
subject, one has usually to write it oneself. So I set to work. 

It was an audacious and rash thing for a non-technical man 
to do, but ignorance sometimes points the way for others to 
follow. I got hold of every textbook on steel I could find, and 
with a wet towel metaphorically round my head, and incredible 
pertinacity m asking tomfool questions of my busy but invariably 
genial and patient colleagues, the experts of Edgar Allen & Co., 
Ltd., put together a series of elementary articles on steel and its 
structure. I tried to understand the subject myself, and then, 
when I thought I had understood it, to express what I had 
gathered in a simple and perspicuous way. I made a free and 
often ill-advised use of analogy. I interrupted my narrative by 
interpretation and explanation wherever I thought the circum¬ 
stances warranted it, and on the whole I enjoyed myself. My 
articles were published month by month in the Edgar Allen 
NewSy after being “ vetted” to some extent by amused and kmdly 
colleagues. 

The success of the series was surprising, even to me. From 
all quarters poured in, not in ones and twos but in dozens, 
expressions of interest and appreciation, and requests for the 
entire series in book form. 
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Alas! there are pitfalls for the unwary in this simplification 
business, and as Dr. C. H. Desch (who took a lively interest 
in the articles) and other experts pointed out, I had fallen into 
some of them. It was obvious that here and there, in my laudable 
efforts to get down to rock bottom, I had descended too abruptly 
and landed with a disconcerting and painful bump. I had over¬ 
simplified in some places, exaggerated in others, and in one or 
two instances even misstated and misled. I do not apologize. 
Such errors were inevitable from the start. 

It was soon obvious that if we were to republish the articles 
in book form, they would have to be worked over thoroughly by 
someone with profound knowledge combined with skill in verbal 
presentation, someone who would retain as much of my work as 
was good and sound and eliminate all that was not. 

Such a collaborator I found, to my delight, in Dr. Edwin 
Gregory. Dr. Gregory has restated and amplified, corrected 
and amended, my tentative articles (while retaining all their 
simplicity) so conscientiously and carefully that in many ways 
this is more his book than mine. He has turned a piece of 
popular journalism into a scholarly but still popular work. I 
confess to some sorrow at the ruthless way in which he has ex¬ 
cised my more picturesque analogies. (On some of them I must 
secretly have rather prided myself.) But I believe that not only 
has he not weakened the book thereby, he has actually streng¬ 
thened it. 

To sum up, the scheme of this book and a proportion of the 
incidental writing are mine. The rest is all Dr. Gregory’s, the 
last chapter in particular being wholly his. Our collaboration has 
been a courteous and happy one, and we are less interested in 
any credit that may attach to our book than in the fact that we 
have filled a serious gap in technical literature, and done, we 
believe, a good job of work. 

For the first time, perhaps, the ordinary man, be he steel 
user, student, layman or worker, has here, in book form, the 
whole story of steel and its structure, told in words he can under¬ 
stand, told simply and straightforwardly, yet without serious 
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inaccuracy or misstatement. In short, here is the book for Mr. 
Everyman who has to do with steel. We hope he will find it all 
he requires. 

It would be ungrateful if I did not take this opportunity of 
thanking Messrs. L. K. Everitt, B.Met., and R. G. Woodward, 
Directors of Edgar Allen & Co., Ltd., and Messrs. S. J. Hewit 
and L. F. Keeley, of the same firm, for help afforded in reading 
through and correcting the original and the revised MS., and 
other metallurgists and experts of the same firm for information, 
specimens, and photographs. Thanks are also due to Edgar 
Allen & Co., Ltd., of Sheffield, without whose co-operation and 
general sympathy and encouragement the publication of this 
book would have been much more difficult. 

ERIC N. SIMONS. 

Sheffield , 19 ^ 7 , 
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I doubt if Dr. Gregory or I foresaw the full success of this 
little book. That there was a demand for the information it con¬ 
tains we knew, but even in our most optimistic moods we did not 
conceive that demand would be so great, nor that The Struc¬ 
ture of Steel would be the precursor of other metallurgical books 
on similar lines. 

What began—let us confess it—as a light-hearted adventure, 
embarked upon with no great hope or consideration of personal 
profit, has in the end been a commercial success. If this proves 
anything at all, it is that work done for its own sake is always 
superior to work done with both eyes on a material reward. 
The Preface to the first edition expresses, I think, the joyous 
and zestful manner in which this book was written. More grati¬ 
fying even than its success is that it has stood the severe test of 
metallurgical criticism much better than I, at least, expected. 

In this edition we have taken the opportunity not only of 
modifying the text to meet such kindly and helpful suggestions 
as have been made to us, but also of filling out its shape where 
anaemic concavities existed. Thus, we have amplified consider¬ 
ably the notes on the testing of steels, to the compiling of which 
f.Dr. Gregory in particular has devoted a great deal of time carved 
out of an already overtaxed day. We have introduced short new 
sections on ageing, corrosion fatigue, caustic embrittlement, 
magnetic crack detection, free cutting steels, sulphur and phos¬ 
phorus in steel, manganese steel in relation to “ spread ” under 
impact, and to abrasion-resistance (where a comparison is made 
with chromium steel) and the value of molybdenum in high¬ 
speed steel. We have replaced a criticized diagram by one more 
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accurate, but in all other respects the book stands unaltered, 
except that previously undetected verbosities have beeh eliminated, 
and as much as possible done to tighten, condense, and make 
comprehensible the English in which it is written. 

To save continual harking back from text to index and back 
again to text, we have added a glossary of the more frequent 
technical terms. 

I can only repeat that my part in the work has been negligible 
in value as compared with Dr. Gregory’s. For him I have merely 
hewn wood and drawn water. The ultimate edifice is his. I 
should like, in conclusion, to stress one quality that endears him 
to his collaborator. In striking contrast to some metallurgists, 
he does not regard ignorance of the finer points of his subject as 
a sign of mental deficiency. A question, however obtuse, is 
always answered with precision, with intelligence, and, what is 
more, with unfailing courtesy. 

ERIC N. SIMONS. 

Eyam , 1942 , 
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CHAPTER I 


Mixtures, Compounds, and Solutions 

Iron and Carbon. 

Sted is a crystalline substance. A definition given in a work 
of reference describes it as “ that form of iron produced in a 
fluid condition, and hence practically free from slag (difference 
from wrought iron), which contains less than about 2*20 per 
cent of carbon—as a rule less than 1*50 per cent (difference 
from cast iron) Another accepted definition is: “ Iron which 
is malleable at least in some one range of temperature, and in 
addition is either cast into an initially malleable mass, or is 
capable of hardening greatly by sudden cooling, or is both so 
cast, and so capable of hardening.*’ 

The most important constituent of steel is the element carbon. 
Carbon gives the strength and hardness to steel, but the increase 
in strength is at the expense of ductility and malleability. Fur¬ 
ther, in order to obtain this increased strength the carbon must 
not be present as carbon, but chemically combined with iron 
as a compound known as carbide of iron. If the carbon is present 
as “ free ” carbon, i.e. as graphite^ the steel is useless for all 
practical purposes, except as scrap for remelting. With cast 
iron it is a different matter; ‘‘ grey ” cast iron contains most of 
its carbon as graphite, and, indeed, in this material free carbon, 
as graphite, is a necessary constituent. 

Chemical Compounds: Cementite. 

It is necessary for the reader to understand clearly what is 
meant by a compound. When two or more substances are mixed 
together they may or may not, according to circumstances, 
retain their separate individualities. If they do, then we describe 

the mixture as a mechanical mixture. Thus if we mix dry sand 

1 
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and dry sugar the result is a mechanical mixture, and no matter 
how thoroughly mixed, the separate particles of sand and sugar 
may be seen lying side by side and unchanged, if examined with 
a sufficiently powerful hand lens. Moreover, the colour of the 
mixture is intermediate between the yellow of sand and the white 
of sugar: the greater the proportion of sugar in the mixture, 
the less yellow is its colour. 

When some substances are mixed, however, they combine 
chemically, often with the evolution of heat, and the particles 
of the original substances lose their separate individualities. 
They have, in fact, given rise to an entirely new substance or 
chemical compound^ possessing entirely different properties. 
Water is a chemical compound of two gases, hydrogen and 
oxygen, yet is a liquid that does not burn or support burning and 
will extinguish a fire. On the other hand, hydrogen is an in¬ 
flammable gas and oxygen a gas that supports burning. 

If we mix iron filings with powdered sulphur we form a 
mechanical mixture, and with a pocket lens we can distinguish 
the yellow sulphur particles and the bright metallic iron par¬ 
ticles lying side by side unchanged. Let us heat this mixture 
until it melts, say over a gas burner. The two elements now 
combine to form a chemical compound known as iron sulphide, 
or sulphide of iron^ and when this is cooled its colour is seen to 
be almost black, entirely different from that of the iron-sulphur 
mixture from which it has been formed. Examination with a 
pocket lens no longer reveals the separate iron and sulphur 
particles. Further, if we treat this compound with dilute spirits 
of salt (hydrochloric acid) a foul-smelling gas known as hydrogen 
sulphide is given off, and if a sufficient excess of the acid is used, 
the whole of the sulphide of iron dissolves. If the original iron- 
sulphur mixture is treated with the acid, however, only the iron 
is dissolved, the yellow sulphur remains untouched, and the gas 
given off is hydrogen, not hydrogen sulphide. It will be evident, 
therefore, that the properties of a compound are altogether 
different from those of a simple mechanical mixture of its 
elements. 
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, Similarly, when carbon is added to iron it forms the com¬ 
pound we call carbide of iron, and this has entirely different 
properties from those of iron or carbon. The latter, either as 
charcoal or graphite, is a soft brittle substance, easily powdered, 
while pure iron is a soft, malleable, and ductile metal. Carbide 
of iron, on the other hand, is intensely hard, and although brittle 
as compared with iron, is not powdered so easily as carbon. 
Caibide of iron is often called cementite. Its chemical formula is 
FegC, meaning three atoms of iron combined with one of carbon. 

Steel is really an alloy of iron and carbon or, more correctly, 
an alloy of iron and iron carbide. In annealed and normalized 
steel the carbide of iron can be observed under the microscope; ^ 
the terms annealing and normalizing are defined later (pp. 50- 
51). In heat-treated steels, however, particularly hardened steel, 
the carbide particles can no longer be separately identified, 
even under a very powerful microscope. 

Solution: Solid Solution: Austenite. 

When steel is heated, at a certain temperature depending on 
its composition, the carbide dissolves in the iron of which it is 
largely composed, to give what is described as a solid solution of 
carbide in iron. 

The w hole theory of the metallurgy of steel treatment is based 
on the formation of solutions, so that it is important to under¬ 
stand exactly what the term “ solution ” means. Thus, con¬ 
sider the solution or dissolving of sugar in a cup of tea. The 
tea is sweetened and the sugar evenly distributed throughout 
it, but in such a finely divided or dispersed form that not even 
the most powerful microscope will reveal its presence. The 
sugar has not combined with the tea, but has dissolved in it to give 
a solution of sugar in tea. It is often said that sugar “ melts ” 
when added to tea. This is wrong, however, notwithstanding 
popular usage, and melting and dissolving are altogether different 
phenomena. To melt a material it must be heated, and generally 
it is heated alone. 

When steel is heated to a certain temperature, the tiny par- 
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tides of carbide of iron dissolve or go into solution in the iron, 
and above this temperature, although the steel is still quite 
solid, the particles of carbide could not be observed under the 
most powerful microscope even if it were possible to examine 
the hot steel under these conditions. The iron carbide and 
the iron have fpraied a solution, but since it has been formed 
when the steel was solid it is said to be a solid solution. This 
solid solution of carbide of iron in iron has a special name: 
austenite. It is entirely different in its properties from annealed 
or normalized steel (pp. 50-51). Annealed steel is a mechanical 
mixture of the hard carbide and the soft iron, and its properties 
are intermediate between those of the two substances of which 
it is composed. This explains why carbon as carbide increases 
the strength but lowers the ductility of annealed steel. 

The properties of austenite are quite different from those of 
mixtures of iron and carbide of iron. 

Saturation: Precipitation: Phase. 

Let us consider once again our solution'of sugar in tea. We 
cannot go on putting lumps of sugar into a cup of tea, and 
expect every one to be dissolved. After a certain point the sugar 
ceases to dissolve and remains as an undissolved solid at the 
bottom of the cup. When this point is reached the solution of 
tea is said to be saturated with sugar, and the solution of tea and 
the undissolved sugar are said to be ‘‘ in equilibrium ** with each 
other. The saturation or equilibrium point depends on the 
temperature of the solution. One of the first things taught in 
chemistry is that heat increases the power of one substance to 
dissolve another; cold, on the other hand, decreases it. If, 
therefore, we heat a cold saturated solution of tea and sugar 
we shall be able to add a little more sugar and actually see it 
dissolved. If, on the other hand, we begin to freeze our saturated 
solution, some of the already dissolved sugar will cease to be 
retained by the solution, and will return to solid form and fall 
to the bottom of the cup. The solid sugar thus thrown out of 
solution is then said to be precipitated. 
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It is certainly not quite true that the saturation point for a 
solid solution of iron carbide in iron is reached in so simple 
a manner as this, but the principle involved is exactly the same. 
Precipit ation of carbide of imn from saturated austenite may 
alsolb^likened to precipitation of sugar from a saturated solution 
of sugar in t ea. 

^ The teim phase is frequently employed in connexion with 
the structure of steel. Iron and steel when heated, or cooled 
from a very high temperature, pass through a series of different 
physical conditions. Thus, at temperatures above its melting- 
point (1535° C.) pure iron is completely fluid, and is then said 
to exist in the liquid phase. Below this temperature the iron 
exists in the solid phase, but, as we shall see later, the solid 
iron successively changes its physical form as it cools, and each 
of these different physical forms constitutes a different phase. 
Each different phase is physically and chemically uniform. 


CHAPTER II 

Equilibrium Diagrams 

Freezing of Mixtures. 

The points discussed in the previous chapter bring us at once 
to a consideration of equilibrium diagrams, without an under¬ 
standing of which it is impossible to follow the changes in 
structure that take place during the cooling of steel. 

Let us suppose we have two different molten metals, gold and 
silver. If we pour one of these liquid metals into the other we 
obtain a perfectly uniform liquid solution, Now let us allow 
this liquid solution to cool. It can be shown by experiment that 
it begins to freeze at a set temperature (which depends on its 
composition), and continues to freeze until another set tempera¬ 
ture is reached, below which it is completely solid. In other 
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words there is a definite temperature range of freezing or solidi¬ 
fication. Moreover, the extent of this range varies according to 
the proportion in which the gold and silver are present. In this 
series of alloys it is only when the composition is loo per cent 
of gold or 100 per cent of silver that freezing takes place at one 
fixed and invariable temperature. 

To make this clearer: the freezing or solidifying temperature 
of pure gold is 1063° C. and no other. But suppose we have a 
liquid solution containing 60 per cent of gold and 40 per cent 
of silver. On cooling it begins to freeze (solidify, or crystallize) 
at approximately 1050° C., and continues to freeze until the 
temperature has dropped to about 1000° C. There is thus a 
range of about 50° C. for the solidification of this alloy. Reduce 
the gold to 20 per cent and increase the silver to 80 per cent, 
and the freezing range is from about 1005° C. to 965° C., i.e. 
40° C. Thus both the solidifying temperatures and the freezing 
ranges, as indicated, vary according to the proportions of the 
alloying elements. 

Equilibrium Diagram: Eutectic: Eutectoidi.^ 

It is customary to show these ranges of freezing on a diagram 
in relation to the percentages of its components. Fig. i is a 
simple diagram of this kind. It shows the freezing or solidify¬ 
ing ranges for salt-water solutions. In this diagram the lines 
AEB indicate the temperatures at which freezing begins^ and the 
line CED the temperature at which any solution becomes com¬ 
pletely solid. E is a particularly important point, and is known 
as the eutectic point. The line AE shows the temperatures at 
which solutions containing less salt than E begin to solidify, and 
BE the temperatures at which solutions containing more salt 
than E begin to freeze^ In the former instance, it is ice that first 
freezes out> and in the latter salt first freezes out* When the 
solution contains 23*5 per cent of salt, i.^ \^en the solution has 
eutectic compositioi^, it freezes at a fixed temperature, and both 
ice and salt freeze out side by side. The eutectic solution has 
no freezing range; its freezi ng' tempS ature" S fixed andln- 
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jarijb};^;J he word “ eutectic'' is derived from the Greek and 
actually means “ easily melting 

TTS^'no^TconsIder^the freezing of different solutions in a 
little more detail. 

When pure water is cooled^ its temperature falls regularly 
down to zero (o'" C.), at which it begins to freeze. During the 
whole time of freezing, its temperature remains at o° C. until 
finally every drop of water has been converted into solid ice, 



If a small percentage of salt, say 2 per cent, is added to the water, 
freezing does not begin at zero, but at some lower temperature, 
say — 2 ° C. From this temperature down to —22° C. crystals 
of ice are deposited. This naturally means that the remaining 
liquid solution has become progressively richer in salt and, in 
fact, when the temperature reaches —22° C. the liquid solution 
remaining has the composition corresponding to E, i.e. it has 
^ectic composition. At this temperature the liquid freezes, 
and deposits small crystals of ice and salt together ^ int imate 
mec hanictfd mixture. This mechanic 3 ~mixture of the two^oud 
pESiS^, ice and salt, is known as the eutectic ^ itgjsomposition 
and freezing temperature are absolutely fixed and invariable. 
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If more salt is added to the original 2 per cent solution, the 
first formation of ice occurs at a still lower temperature than 
—2° C., but the temperature of final solidification remains the 
same, i.e. —22° C. The liquid that finally freezes at this 
temperature, of which there is proportionally more, contains 
again 23*5 per cent of salt. Thus the eutectic is invariable in 
its proportions whatever the comp^filon of the original solution, 
irexactly 23*5 per cent of salt is present in the original solution, 
there will be no ice formed until the eutectic point is reached, 
when it will be deposited side by side with salt, so that the whole 
of the solution freezes at — 22° C. If the salt in the original solu¬ 
tion exceeds 23*5 per cent, then salt first begins to form instead 
of ice, but eventually at —22° C. the final liquor contains exactly 
23*5 per cent of salt and then freezes as the eutectic, as before. 
Thus, whatever the original percentage of salt, the final com¬ 
position at the eutectic temperature is always the same. 

These principles at once show why ice on footpaths and roads 
in winter can be melted by sprinkling with salt. 

The principles outlined above for salt and water solutions 
apply equally well to the study of solutions of carbon in iron, 
i.e. to liquid iron and steel. It will be noticed that the freezing 
lines AE and EB form roughly a letter “ V When a V-shaped 
curve of this type is shown on an equilibrium diagram, it can 
always be associated with the formation of either a eutectic or a 
eutectoid. The essential difference between these is that whereas 
the former is produced during actual freezing, i.e. during^ the 
period of final solidification, eutectoids are formed entirely from 
solid solutions instead of from l iquid solut ions. 

Equilibrium diagr^ ^re of greatvaluTTo the metallurgist. 
Th^sKow at a glance the compositions andTfe¥zi ng-points of 
eutectics and other substances. The equilibrium diagram for 
iron and steel is much mofflntricate than the salt-water and 
gold-silver systems, but with the above explanations as a pre¬ 
liminary, we are in a better position to grasp its significance. 
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CHAPTER III 

Freezing of Iron-Carbon Alloys 

Iron-Carbon Equilibrium Diagram (first part). 

We may now consider the freezing of iron-carbon alloys, and 
a simple reproduction of part of the equilibrium diagram appears 
below (fig. 2). Molten steel consists, as has been said, of carbon 
(or carbide) dissolved in liquid iron. Before freezing can occur, 
the temperature must fall until a point is reached on either of the 
lines AB or BC. These two lines, it will be noticed, are similar 
to the lines AE and EB on the salt-water diagram (fig. i, p. 7). 
We have this difference, however, between the two diagrams. 
In fig. I the end of the freezing range is represented by the 
horizontal line CED, but in the iron-carbon diagram the end 
of freezing or solidification is represented by the line AEBF. 
From this diagram it should be clear to the reader that the 
iron-carbon eutectic alloy is a mechanical mixture containing 
the equivalent of 4*3 per cent of carbon. When this eutectic 
freezes, however, its two components are the austenite solid 
solution, having the composition E, and carbide of iron (not 
carbon). An alloy containing exactly 4*3 per cent of carbon 
would consist entirely, when just solid, of the eutectic me¬ 
chanical mixture. If the carbon content is less than 4*3 per 
cent but more than about r8 per cent, the austenite solid solu¬ 
tion is first deposited on freezing, and more and more of the 
austenite is deposited down to about 1120° C. At this temper¬ 
ature the remaining liquor has eutectic composition and then 
freezes at a constant md fixed temperature. 

With all alloys containing between r8 per cent and 4*3 per 
cent of carbon the liquid that finally freezes has the eutectic 
composition, so that conditions are similar to those we found 
in our salt-water system. With alloys containing less than 1*8 
per cent of carbon, however, the freezing takes place as with the 



10 


THE STRUCTURE OF STEEL 


gold-silver alloys, i.e. for each alloy there is a range of temper¬ 
ature over which freezing takes place, but the final liquid to 
freeze does not reach eutectic composition, and theltruHiire oF 
the solid”^alloy consists entirely of the austenite solid solution. 
Theoretically, this austenite should be perfectly uniform and 



Fig. 2 


have the same composition as the original liquid. A steel con- 
taming about 1*0 per cent of carbon begins to freeze at about 
1450° C. and is completely solid at about 1250° C. 

This difference between alloys containing less and more than 
1*8 per cent of carbon is used by metallurgists for convenience 
in order to distinguish between cast iron and steel. Alloys con¬ 
taining less than i*8 per cent of carbon are called steels, and 
those with more than 1*8 per cent of carbon are cast irons. It 
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shou ld be pointed 0114 has indee d .beeain^ that so far 

as the abo ve rea§Q iui)i^,is.. concerned, our conclusions relate to 
cast irons containing the carbon as carbide^ 

^ " wHite cast j rong^ The structures of the “ grey ” cast irons 
containing much free carbon in the form of graphite can be 
accounted for in a somewhat similar way, but since in this book 
we are not greatly concerned with grey cast iron, it is not pro¬ 
posed to go further into this matter. 

To revert to steel, we have seen that its structure when it has 
just solidified consists of the austenite solid solution, but we 
have no information yet as to what happens in the steel when 
further cooled down to room temperature. In alloys of gold 
and silver, once they have solidified there are no further structural 
changes, but several important structural changes take place in 
the solid steel as it cools still further. The nature of these will 
now be explained. 

Iron-Carbon Equilibrium Diagram (second part). 

In order to follow what happens when iron and steel cool 
down to normal room temperatures it is necessary to make use 
of a further diagram, shown in fig. 3, which is pften^dwcribed 
^^_steel p_art of the iron-carbon equilibrium diagrarn. In 
some respects it resembles the diagrams examined previously 
(there is a V-shaped precipitation curve, for instance), but there 
are important differences to which reference is made later. It 
has already been explained that austenite is the solid solution of 
carbide of iron in iron and not merely a mixture. Now let us 
examine the behaviour of this important substance on cooling 
down from temperatures below that of final solidification. 

Eutectoid: Ferrite: Gementite: Pearlite. 

Consider, for example, the point 0 in the diagram of fig. 3, 
representing the structure of a steel containing 0-5 per cent 
of carbon at a temperature of 1000° C. At this temperature 
the steel is composed of austenite crystals, as indicated, but 
on cooling, at a temperature of about 780° C. (point X on line 
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AE) begins to reject or deposit practically pure iron. As the tem¬ 
perature continues to fall, more and more pure iron is deposited 
from the austenite, until eventually the austenite solid solution 
remaining contains the equivalent of 0*85 per cent of carbon at 
695° C. At this temperature this remaining austenite deposits 
pure iron and carbide of iron side by side, just as previously salt 



Percentage carbon 


Fig. 3 


and ice were deposited side by side from our salt solution of 
eutectic composition. Here, however, the two substances are 
being deposited from a solid solution instead of from a liquid 
solution, and in order to differentiate between the two, we use 
in the present instance the term eutectoid. The eutectoid in steel 
therefore contains the equivalent of 0*85 per cent of carbon and 
is composed of pure iron and carbide of iron or, to be more pre¬ 
cise, is a mechanical mixture of 13*5 per cent of carbide of iron 
(cementite) and 86-5 per cent of pure iron (ferrite). 
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If we now consider the cooling of a steel containing 1*25 
per cent carbon, we find that when the point Y (approximately 
855° C.) on the line EB is reached, the austenite of which it is 
composed is beginning to deposit carbide of iron (cementite), 
and this deposition continues down to 695° C. This means that 
proportionally more carbon than iron is being removed from the 
austenite, so that when 695° C. is reached, the remaining austenite, 
as before, has the eutectoid composition and then deposits iron 
and carbide of iron together. 

WeTiave solar Teamed the meanings of the terms austenite, 
eutectic, and eutectoid, and their meanings should be borne 
in mind in all that follows, as they will be referred to again 
and again in the metallurgy of steel. Two other common terms 
have also just been mentioned, viz. ferrite and cementite. It has 
been seen that on cooling a 0*5 per cent carbon steel, practically 
pure iron is precipitated from 780° C. down to 695° C. The iron 
thus precipitated is known as ferrite to distinguish it from the 
iron of the eutectoid. On the other hand, it has been pointed out 
that in a 1*25 per cent carbon steel carbide of iron is first de¬ 
posited at about 855° C. and deposition continues down to 
695° C. This precipitated carbide of iron is known as cementite 
in order to distinguish it from the carbide in the eutectoid; 
moreover, the term cementite is applied to any carbide in steel, 
even when it contains alloys such as manganese and chromium. 

Another term may conveniently be explained here. We have 
seen that the “ eutectoid ” in steel is a mechanical mixture 
formed at 695® C. having an average carbon content of 0-85 per 
cent of carbon, a nd consis t^gf amentite and ferrite in definite 
proportions. This e ut ectoid mixture i s described as ^or^bj 
metallurgists. 

' We are now obtaining an insight into the structure of steel. 
Here we may point out that so far as plain carbon steels are 
concerned, the temperature of 695° C. represents the point 
of final structural change, or at least as far as we need go at 
present. 
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Photomicrographs. 

It is important, having traced the changes that take place 
as steel cools from the molten condition, that we should now 
begin to understand the appearance presented by the various 
constituents to which reference has been made. To obtain 
pictures of these constituents and the structural condition of 
any steel or metal, metallurgists prepare specimens in a special 
way. Pieces of the steel to be examined under the microscope 
are given a plane surface rendered perfectly free from all scratches 
by cutting, filing, and polishing with the proper abrasives. 
Certain const ituents are revealed by polishing alone owing to 
difference in colour or hardness—chiefly in noh^frous alloys— 
but usually the specimen must be treated with chemical reagents 
in order to bring up the differences in colour or appearance be¬ 
tween the various constituents. This process is called etching. 
There are other means of obtaining metal structures, but these 
need not yet be considered. 

Pearlite consists, as we have see n, of cementi te and_ ferrite, 
The^iHiisfratfons given (figs. 4-7) are what are known as photo¬ 
micrographs^ which are photographs taken by a special method 
when an etched specimen is magnified under the microscope. 
The first of these photomicrographs shows ferrite; the second 
shows ferrite ai^ pearlite; the third shows cementite and 
peaffife‘^whilst the fourth, whicHls"M"a much hi^ 
cafibii, shows the structure of pearlite itself. ThFcarbide of iron 
an'cLthe ierrite of the pearlite are cleafly* 7 evealed in the form of 
alternate plates. It is this laminated structure of pearlite that 
is responsible for the “ mother-of-pearl ” appearance when it 
is etched and examined under a low-powered microscope, hence 
the name “ pearlite 

We are now in a position to consider the structure of steel 
in greater detail and from a more technical point of view, and also 
to visualize the complete equilibrium diagram. This will be 
done in the next chapter. 
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CHAPTER IV 

Critical Points 

Steel and White Cast Iron: Complete Diagram. 

In the preceding chapter it was pointed out that when steel 
cools down after solidification, structural changes occur, re¬ 
sulting in the formation of a solid structure consisting of either 
ferrite and pearlite; cementite and pearlite; or pearlite alone. 
The mass will consist of ferrite and pearlite whenever there is 
less than 0-85 per cent of carbon in the steel; of cementite and 
pearlite, when there is more than 0*85 per cent of carbon; and of 
pearlite alone, when there is exactly 0-85 per cent of carbon in the 
steel. The cementite and ferrite are respectively the excess 
carbide of iron and pure iron precipitated out in order that the 
eutectoid, “pearlite^’ (with 0*85 per cent carbon), may be formed. 
We have seen what these structures look like. 

Up to now, we have considered only what happens to steel 
when cooled down from the point of solidification. But we 
have not yet examined the white cast irons. 

It was pointed out in Chapter HI that white cast irons are 
those containing more than i-8 per cent of carbon (as carbide) 
and that their structures just after complete solidification consist 
of austenite plus the eutectic of austenite and carbide. When 
cooled further the austenite puts down more carbide (cemen¬ 
tite) until finally the austenite itself (at 695° C.) has eutectoid 
composition and then changes to pearlite^ The essential dif¬ 
ference between steel and white cast iron is, therefore, in the 
amount of free carbide (cementite) present in the structure of the 
cast iron at normal temperatures. In white cast iron the amount 
of cementite may be greatly in excess of the pearlite, and this 
account s for its brittlene ss and fragility. Although this book is 
concerned not so much with cast iron as with steel, we mention 
the structure of cast iron because many of the high-percentage 

(F 385 ) 3 
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alloy steels, e.g. high-speed steel, high-carbon steel, high- 
chromium steels, &c., have similar structures to that of white 
cast iron. The complete iron-carbon diagram so far as we need 
go at present dealing with steel and white cast iron is shown in 
fig. 8. , 

There are still other points needing to be considered before 



Fig. 8 


we can proceed much further with the structure of steel. It has 
been seen that in cooling steel from, say, 1000° C. down to 
695° C., the austenite is transformed into either {a) ferrite + 
pearlite, {b) cementite -j- pearlite, or (c) if the carbon content is 
exactly 0*85 per cent, into pearlite alone. These structural changes 
are accompanied by other physical changes, which must be, 
understood before progress can be made. 
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Cooling Curves. 

Suppose we have at our disposal the necessary apparatus 
for measuring accurately the temperature of steel as it cools 
from a temperature above its freezing point, and measure the 
temperature at regular intervals of time. By this means we can 
find out whether the fall in temperature is regular or otherwise. 
We shall find, in actual fact, that during the actual freezing or 
soliHilying'^pendif thrrate of cooling is less ttoOl Wtefi'tlfe steel 
is either completely liquid or completely solid, i.e. there is a lag 
oPsIo^^g-up, or delay in the cooling during the period of 
solidification. Since we have not in any way altered the environ¬ 
ment of the steel (e.g. brought it into contact with something hot 
or held it in front of a fire), such a retardation of the cooling can 
only be due to a giving out of heat by the steel itself, i.e. 3 ie 
mblFen s^elj[iyes„Piit heat as it solidifies. Heat evolution takes 
place in a similar way when solid steel cools. Thus if we cool a 
steel containing 0-85 per cent of carbon from 1000° C., its tem¬ 
perature falls regularly down to 695° C. At this temperature, 
however, it remains stationary for a period depending on the 
size or mass of the steel. It should be evident that this “ halt ” 
or “ arrest in the cooling has some connexion with the for¬ 
mation of pearlite from austenite containing 0*85 per cent carbon. 

Time-Temperature Curves. 

Since an understanding of cooling curves is a matter of great 
importance, let us go back to very simple examples such as pure 
water and solutions of salt in water. Suppose we start with luke¬ 
warm water and cool it, noting its temperature after regular 
time intervals. If we plot the results, i.e. note them down on a 
chart and connect them by lines to show their movement graphi¬ 
cally, we obtain the curve shown in fig. 9 (i). This is called a 
time-temperature curve. It will be seen that the temperature 
falls regularly until 0° C. is reached, when it remains stationary 
until the water has been changed to ice, after which the tempera¬ 
ture continues to fall regularly. Now let us start with a warm 
solution of 10 per cent of salt in water (compare fig. i, p. 7) and 
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repeat our cooling experiments. The resulting time-temperature 
cooling curve is shown in fig. 9 (ii). This may be divided into four 
different parts: A-B, where the liquid solution is cooling regu¬ 
larly; B-C, where the saturated solution is depositing or pre¬ 
cipitating crystals of ice and the rate of cooling is retarded; C-D, 
the horizontal part which corresponds with the freezing of the 
eutectic; and D-E, where the temperature of the completely 
solid mass is cooling regularly. If we started with a solution 
containing 23*5 per cent of salt, the cooling curve would be as 



l-Coofing curve Jl-Cooling curve m-Cooling curve of 
of pure water of 10% salt solution. 23 ‘5%5alt solution. 


Fig. 9 

shown in fig. 9 (iii), and it will be seen that the only difference 
between this curve and that for pure water is the matter of the 
temperature of the horizontal portion of the curve. 

Inverse-Rate Curves. 

When a eutectoid such as pearlite in steel is formed, a similar 
horizontal branch is shown in the cooling curve. When we are 
dealing with changes in solid allo)rs, however, the temperatures 
associated with the structural changes are often not clearly de¬ 
fined by means of time-temperature curves, and much more 
reliable information is then obtained by plotting in a somewhat 
different way, i.e. we ascertain the number of seconds taken for 
the temperature to fall C. When the results are plotted we get 
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what is called an inverse-rate curve, and this shows up the tem¬ 
peratures associ^ed with the structural changes more clearly 
and” accurately. The inverse-rate curves for water, 10 per cent 
251^23*5 per cent salt solutions, are shown in fig. 10, and these 
should be compared with the time-temperature curves shown in 
fig. 9, when it will be seen that the important temperatures are 



Fig. 10 


now indicated by peaks The way is now paved for an 
examination, in the next paragraphs, of the relation between 
cooling curves and the equilibrium diagram. 

Arrest-Points: Allotropic Forms of Iron. 

In the preceding section examples of cooling curves were 
given, and it was pointed out that the most important tempera¬ 
tures are shown on inverse-rate cooling curves by one or more 
points or peaks. These peaks are described as arrest-points, or 
critical points. If we could obtain the inverse-rate cooling curve 
for pure iron from the perfectly molten condition down to room 
temperatures, our curve would be like that shown in fig. ii. The 
first critical point occurs at 1535° C., and marks the freezing- 
point of pure iron; the second occurs at 1404° C.; the third at 
900° C.; and the fourth and last at 768° C. The question at 
once arises: what is the significance or meaning of the arrest- 
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pomts that occur in solid iron? By referring to fig. 3 (p. 12) 
we see that the 900° critical point coincides with the point A and 

thus has something to do with 
the formation of ferrite. But here 
we are dealing with pure iron 
alone, so that all these critical 
points must be connected with 
changes taking place within the 
iron itself^ as it cools. Actually, 
this means that iron is really a 
different substance, physically, 
within different ranges of tem¬ 
perature. When an element Is 
rapable of existing in more than 
one physical form, it is termed 
allotropic and the various forms 
are known as allotropic modifica¬ 
tions of the element. One of the 
most familiar elements exhibit¬ 
ing allotropy, apart from iron, 
is carbon, which exists in the 
widely different forms of dia¬ 
mond, charcoal or soot, and 
graphite. 

Between its freezing-point and 1404° C., iron is known as 
delta (8) iron; between 1404° and 900° C. as gamma (y) iron; 
between 900° and 768° C. as beta (j 3 ) iron; and below 768° C. 
as alpha (a) iron. Thus the iron at ordinary temperatures which 
we have described as ferrite is also a-iron. 

The physical and mechanical properties of these allotropic 
forms possess important differences. Thus whereas a-iron 
is a strongly magnetic substance, both j8- and y-iron are non¬ 
magnetic and are not attracted by a magnet. Actually^ however, 
this is the only difference between a- and iron—in all other respects 
they are aUke—so that we do not now regard them as separate and^ 
distinct allotropic forms, ^-iron is simply non-magnetic a-iron and 
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its formation has no influenc e on the p rapezlie s of heat-treated iron 
or" Sted. Having menUonS^ jS-iron we shall not worry about it in 
^the rest of the book, but simply regard it as non-magnetic a-iron. 
We were compelled to mention its existence because in some of 
the older and out-of-date textbooks several peculiar properties 
are wrongly ascribed to it. 

Modern research has shown also that S-iron is essentially 
the same as a-iron, so that in reality there are only two different 
allotropic forms of iron, viz. alpha and gamma. The main 
difference between these so far as we are concerned is that y-iron 
is the only form capable of dissolving carbon to any appreciable 
extent. The solubility of carbon in a-iron is small in comparison, 
and it is upon this difference in carbon solubility that the whole 
of the heat-treatment of steel is based. 

The solid solutions of carbon (as carbide of iron) in y-iron 
are called austenite. Before pearlite (in which the iron is present 
as ferrite) can be change 3 To''^usTenrte, the ferrite in it must be 
^Jn^rtned^fbY-if oh. 

Notation for Arrest-Points. 

In addition to naming the various forms of iron, it is con¬ 
venient, for reasons that will be evident later, to represent the 
critical points in iron and steel by letters and numbers. Thus 
the 1404® C. change-point (8-y) is known as the Ar4 point. The 
900° C. arrest, i.e. the y-j 3 change, is described as Arg, and the 
magnetic change at 768° C., i.e. the so-called ^-a point, as the 
Arg point. By these representations they will be described in 
the pages that follow. 

The relation of these critical points to the equilibrium dia¬ 
gram still remains to be considered. As indicated, the 900° C. 
point coincides with the point A in the diagram on p. 12 (fig. 3), 
the magnetic a~jS change being indicated ^by the dotted hori¬ 
zontal line at 768° C., from which it will be gathered that the 
temperature of the magnetic change is uninfluenced by carbon. 
The 1404° C. (8-7) change-point was deliberately not indicated 
in the equilibrium diagram, because it might have introduced 
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unnecessary complications. This change is of some importance 
in connexion with the structures of the lower carbon steel ingots, 
but does not usually concern us in the heat-treatment of steel. 

Hitherto in this discussion we have considered pure iron; 
it now remains to consider the effects of introducing carbon. 
As soon as carbon is introduced another critical point appears 
at 695° C. This increases in prominence with increasing carbon 
content up to 0-85 per cent. The new critical point is described 
as the Ar^ point, and it should now be evident that it is associated 
with the formation of pearlite from austenite. 

Another effect of introducing carbon into iron is the lowering 
of the Ar3(y-a) critical point as, indeed, is indicated by the 
downward slope of the line AE in fig. 3 (p. 12). When the carbon 
content of the steel equals o-6 per cent the Ai^ point coincides 
with Arg. This combined point is then progressively lowered by 
further additions of carbon until with 0-85 per cent carbon there 
is one arrest-point only. Thus a 0*85 per cent carbon steel, on 
cooling, has one critical point at 695° C. 

We have now considered the changes that occur during cool¬ 
ing, and shall next turn our attention to the phenomena that 
occur during the heating of steel. 

It has been shown that when iron and steel are cooled, a 
giving out of heat occurs at certain temperatures where the 
amount of heat evolved is sufficient to retard the normal rate 
of cooling. It is only reasonable, therefore, to assume that if 
we reverse the process, and heat steel from the cold state, the 
reverse phenomenon will occur, i.e. there will be an absorption 
of heat at certain temperatures sufficient to retard the normal 
rate of heating. This reasoning is shown, in practice, to be per¬ 
fectly correct. Just as there are critical points on cooling, so 
there are corresponding critical points on heating, and these are 
named in a similar way. It might be imagined that as we are 
completely reversing the process, these critical points would 
coincide exactly with those obtained during cooling and that the 
same names would do for both. But this is not so, and the critical 
points on heating are always higher than the corresponding* 
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cooling (Ar) points. (This is due to thermal lag. If the steel were 
cooled or heated at infinitely slow rates, and if sufficient nuclei 
were present, the Ac and Ar points would coincide.) New de¬ 
signation numbers are therefore necessary, so we have the Acj, 
Ac 2 and Acg heating points corresponding to the Ar^, Arg and 
Arj points on cooling. The Acg (the a-jS magnetic change) is 



Fig. 12.—Heating and cooling curves of 0*20 per cent carbon steel 


about 770° C. as compared with 768° C. for Atj, i.e. there is very 
little difference. The Acj and Acg points, however, are always 
about 30° C. or so higher than the corresponding Ar points. 
Typical inverse-rate heating and cooling curves are shown in 
fig. 12. 

The difference between corresponding Ac and Ar points is 
described as thermal lag, or thermal hysteresis, and the extent 
of this lag is important in heat-treatment operations. In general, 
the amount of lag is increased by the addition of alloying ele¬ 
ments. As fig. 12 shows, the Atj point, i.e. the austenite-pearlite 
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point, is about 695° C., but the Aq point representing the reverse 
change, i.e. pearlite to austenite, occurs at about 730° C. 

Physical Properties. 

We may now summarize the properties of the allotropic forms 
of iron in regard to their physical behaviour. Alpha (or a) iron 
is soft and ductile, and is present in the steels of the softest and 
most ductile character, as well as in wrought iron. Its tensile 
strength is about 20 tons per square inch. Beta (or jS) iron, as 
already indicated, is merely non-magnetic a-iron and, with the, 
exception of this difference, has similar properties. At one time 
jS-iron was supposed to be hard, but this view was disproved by 
metallurgists a long time ago. Gamma (or y) iron and its austenite 
solid solutions are also soft and plastic, softer even than a-iron 
(ferrite). It is chiefly on this account that steel is heated to the 
austenite region so that it may readily be forged and rolled to 
shape. 

One final point must be mentioned in this chapter. Carbon, 
as pointed out in previous sections, is the most powerful element 
in its effect on the properties of steel, and gives, in proportion 
to the increase in its content, greater strength and hardness 
than proportionate increases of other elements. While this is 
mainly due to the influence of the iron carbide formed and 
present in annealed and normalized steels, the hardnesses of 
steels in either condition are not really so very extraordinary. 
An annealed steel containing 0*85 per cent of carbon has a tensile 
strength of about 37 tons per square inch, as against that of 20 
tons per square inch for pure iron. When a steel containing 0*85 
per cent of carbon is heated to a temperature above the Ac^ 
point, and rapidly cooled by quenching in water, a truly pheno¬ 
menal increase in hardness results, and the question at once 
arises: to what is this increase in hardness due, in view of what 
we have already said about the hardness of ferrite (a-iron) and 
austenite (y-iron solid solutions)? The fact is that a new con¬ 
stituent, known as martensite^ is formed when steel is quenched^ 
from temperatures above its upper critical point. The properties 
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and probable constitution of martensite are discussed in later 
sections. 

Hitherto we have discussed what changes take place when 
iron and steel are cooled down from the molten state, but how 
these changes occur has not been discussed. To consider in 
detail how these metals solidify, it is necessary to examine the 
phenomena of crystallization, and this will be done in the follow¬ 
ing chapter. 


CHAPTER V 

Crystalline Forms 

Atoms: Molecules: Crystals. 

In what follows an attempt will be made to explain, as simply 
as possible, the actual way in which iron and steel become solid. 
We have discussed in a general manner the phenomena accom- 
panymg their solidification, but the reader will need to go further 
than this in order to obtain a complete understanding of the 
structure of steel. 

Although many readers will be familiar with the general out¬ 
line of molecular physics, whereby the atom is regarded as a 
conglomerate of electrons, protons, positrons and neutrons, we 
shall, in these articles, regard the atom as our unit in dealing 
with steel and its structure. 

We have used the term element and must now explain it. In 
the first place, pure iron is an element and steel is not. The 
reason is that in a piece of iron all the atoms are iron atoms and 
are exactly alike, whereas in a piece of steel there are carbon, 
manganese, sulphur, phosphorus and perhaps other atoms in 
addition to iron atoms. An element is a substance whose atoms 
are all alike and possess the same chemical properties. Steel, 
therefore, is not an element. Atoms, even of elements, are not 
invariably detached and separate. They possess affinities for 
each other and for atoms of other elements, and sometimes exist 
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in pairs. Oxygen, for instance, is a gas made up of molecules, 
each consisting of two oxygen atoms. 

Occasionally, the normal conditions in which a molecule of 
a substance exists are greatly changed. This may result in a 
regrouping or redistribution of the atoms. For example, ex¬ 
treme heat may break up or dissociate, as it is called, a chemical 
compound into its separate elements. At very high temperatures 
water vapour is dissociated into its elements, hydrogen and 
oxygen. Ordinary oxygen is composed of molecules each con¬ 
taining two atoms. When three atoms of oxygen are held to-. 
gether, the substance produced is ozone, which is usually sup¬ 
posed, without much basis in fact, to be present in greater 
amounts in the atmosphere at the seaside. Some elements and 
compounds are continually striving to revert to a more stable 
atomic arrangement or configuration, whereby they discard or 
gather atoms. Such substances are termed unstable; ozone, 
for instance, is actually an unstable substance because, if given 
the slightest opportunity to do so, it discards its third oxygen 
atom, and reverts to the more stable two-atom structure of 
ordinary oxygen. A most important point to bear in mind is that 
changes in atomic or molecular structure are accompanied by 
changes in physical and chemical properties. 

We now come to a series of facts of great importance. Atoms 
may be gaseous, liquid or solid, and when an element is con¬ 
verted from one form into another, it is still composed of atoms. 
Thus the atom of iron in solid iron is identical with the atom of 
iron in molten iron, and if we could obtain gaseous iron, it would 
still consist of iron atoms. When the state of an element is 
changed, what is done is to strengthen or weaken the cohesion of 
the atoms or molecules, but not to alter their chemical character. 

When solidification occurs, however, the atoms or molecules 
are not found situated at random, like the currants in a cake. 
They group themselves, curiously enough, into regular patterns 
or, rather, shapes. These shapes are of geometrical character, 
and are known as crystals. A large batch of crystals united 
with each other constitutes a mass of the given substance. 
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Our knowledge of the true structure of crystals is compara¬ 
tively recent, but it is now established that they consist of a 
beautiful and symmetrical arrangement of their atoms. This 
brings us to the most up-to-date and satisfactory definition of 
a crystalline mass, i.e. one characterized by a regular arrange¬ 
ment of its structural units. 

Multitudes of crystalline forms exist. Many of these can be 
seen on our window panes in snowy weather. Most important 
for us, however, are the crystals of iron and steel, and these and 
their characteristics will now be discussed. 


Crystals of Iron and Steel. 

The crystals or “ grains of which iron and steel are com¬ 
posed are built up of exceed¬ 
ingly small cubes, although 
the way in which the atoms 1 1 ' / ^ 

are arranged in these cubes is | | 





Fig. 13.—“Face-centred” cubic 
lattice of y iron 




Mi' 


Fig. 14.—“ Body-centred ” cubic 
lattice of a and 8 iron 


different in the several allotropic modifications of iron. T^e 
atomic crystal unit cells are of two types, represented in figs. 13 
and 14. The black dots represent atoms but it should be men¬ 
tioned that the lines joining them are purely imaginary. The 
arrangement or spacing of the atoms in this way is described as 
the space-latticey i.e. it indicates the framework upon which the 
atoms are situated. The first diagram (fig. 13) is known as a 
face-centred cubic lattice, because in addition to an atom at each 
comer, there is also an atom at the centre of each face of the 
cube. 

In fig. 14 there is an atom at each corner, as before, and also 
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one atom in the middle of each cube; an arrangeifient called a 
body-centred cubic lattice. Gamma iron is face-centred and alpha 
iron is body-centred cubic. These cubes are exceedingly small; 
the length of each side of the cube is less than a tenth of a millionth 
of an inch, so that there are literally millions of them to a cubic 
inch of iron or steel. Actually, when alpha iron changes to gamma 
iron the length of each side of the cube increases, but this expan¬ 
sion is more than counter-balanced by the larger number of 
atoms in each cube, so that the net result is actually a contraction. 
Similarly, when gamma iron changes to alpha there is a net ex¬ 
pansion. 



Fig. IS 


The small cubic crystal cells cannot, of course, be seen under 
even the most powerful microscope. The methods by which 
the above results have been deduced are explained in Chapter 
XIV (p. 126). It must be realized, however, that iron and steel 
are built up in this way and are therefore truly crystalline sub¬ 
stances, although they may not appear so when seen by the 
eye or examined by the microscope. What we do actually see 
under the microscope with pure iron or any other pure metal is 
something like that shown in fig. 15 {a). E^ch of these irregu¬ 
larly-shaped figures is called a crystal or crystal grainy and each 
is built up of an exceedingly large number of the atomic cubical 
units. In each separate crystal the axes of the small cubes all 
point the same way, but in different directions from one crystal 
to another, an effect known as orientation. It is this fact which 
makes them different crystals; if all the axes of the cubes in a 
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piece of iron pointed in the same direction, it would be one large 
crystal. 

Cleavage Planes: Crystal Boundaries. 

I^t us picture in our minds the thousands of cubic cells in 
a single grain. A little imagination should indicate that the 
atoms are situated, as it were, in several sets of parallel planes, 
known as cleavage planes. It is like taking a child^s wooden brick, 
slicing it horizontally and vertically so as to form smaller cubes, 
then repeating this process indefinitely. The slicing planes 
correspond to cleavage planes. In the crystals proper, the regular 
cubic arrangement of the atoms results in the formation of 
planes, either parallel with the three axes of the cube, or along 
diametrical planes, along which atoms can more easily slide over 
one another. These planes are known as cleavage planes because 
in many natural rocks, splitting or cleavage readily occurs when 
the material is broken, as by a blow from a hammer. In rocks 
such as fluorspar, the blow breaks up a large crystal aggregate 
into smaller crystals, which are similar in shape, i.e. the material 
readily cleaves along certain planes. Cleavage planes, whenever 
they exist, are a real cause of weakness. They are present not 
only in iron and other pure metals but in other substances such 
as rocks, many of which, as is well known, split quite readily 
along certain planes. SimiMy, when iron is broken, the fracture 
or splitting is along the cleavage planes of its crystals. 

"Ti the junctions or boundaries of (Efferent crystals there are, 
of necessity, spare atoms not occupying regular or symmetrical 
positions on the space-lattice, i.e. placed at random. There are 
not enough atoms to “ go round ”, as it were, in each cr3rstal, 
i.e. to form the complete cubic arrangements represented in figs. 
13 and 14. The spare ” atoms will obviously occupy “ random ” 
or indeterminate positions, and this haphazard arrangement of 
spare atoms occupying random positions actually forms the 
crystal boundaries. In other words, the arrangement of the 
atoms in the crystal boundaries is irregular. In the actual 
boundaries, therefore, there are no cleavage planes, and the 




30 


THE STRUCTURE OF STEEL 


boundaries do not split so readily, i.e. they are stronger than 
the crystals themselves. This explains why fracture most readily 
takes place along cleavage planes, i.e. through the crystals and 
not along their boundaries. Further, the smaller the crystal size, 
the larger the number of boundaries that must be broken across 
before fracture can take place. A small or fine-grained structure 
is thus always stronger than a larger or coarse-grained structure 
of the same metal or alloy. 

The above remarks on the greater strength of crystal boun¬ 
daries apply only to pure metals and uniform solid solutions. 
When impurities or other constituents are present it may be an 
entirely different story. During cooling, a pure metal throws out 
the impurities or other foreign atoms. These may then form 
layers or films separating the crystals of the parent metal from 
each other. Fig. 15 [h) shows, crudely, this phenomenon. ,The 
cross-hatched parts represent the pure metal or solid solution 
and the white streaks represent the rejected substance or im¬ 
purity. 

Consider a cast plain carbon steel containing, say, 1*3 per 
cent of carbon. As previously explained, it consists of the eutec- 
toid, pearlite, and free cementite. The pearlite, or rather the 
austenite from which it was formed, is equivalent to a pure 
metal, so that the superfluous or free cementite is rejected to 
the grain boundaries. As previously indicated, however, cemen¬ 
tite is hard but brittle, so that in a 1*3 per cent carbon steel 
in the cast condition, the structure consists of relatively ductile 
pearlite grains separated by the excess brittle cementite. Thus 
the structure as a whole is relatively weak and easily broken or 
fractured. We therefore arrive at this important conclusion: 
the strength of a metal or alloy is largely the strength [or fragility) 
of its crystal boundaries. With a pure metal or uniform solid 
solution the boundaries are stronger than the crystals them¬ 
selves, and fracture takes place across the crystals along the 
cleavage planes. When, however, the boundaries contain im¬ 
purities or other brittle constituents, the fracture may occur 
along the crystal boundaries or separating surfaces. And so, 
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by easy stages, we are brought to consider grain size, which will 
now be dealt with. 

Grain Size. 

When we take a piece of steel and break it, the resulting 
broken surfaces are termed “ fractures ”, and the study of these 
fractures (even with the naked eye alone) tells us a great deal 
about the quality and character of the metal. But with the 
fracture polished and etched, the microscope tells us much more. 
The individual crystals or grains can be detected, and their size 
is a good index of quality. If the grains are large and coarse, the 
steel will probably be inferior, or in an inferior condition. If 
they are small and close, a higher quality of steel is suggested. 
The reasons for this have just been explained. 

We cannot, in this book, go deeply into the highly scientific 
and elaborate research work that has been devoted to grain size 
and its significance. We will content ourselves with choosing 
from the vast bulk of observations and experiments certain facts 
that bear upon our subject. 

The first point, which has been proved beyond question both 
practically and by metallurgical research, i s that jailer ^ram 
size is, except i n special circumstances (see p. 32), ^^s 
ciated wjth increas ed toughness and strength. 

The next important discovery bears largely upon our forth¬ 
coming study of hardening, tempering and annealing as applied 
to steel. It is this: when we begin to cool a steel, the final grain 
size is affected by the temperature at which the steel stood when 
cooling began. The higher the temperature above the critical 
point known as Acg when we begin our cooling operation, the 
larger and coarser will be the grains or crystals in our final pro¬ 
duct. If, on the other hand, we begin our cooling operations from 
the AC3 point (i.e. if in our first operations we do not heat much 
above the AC3 point), then our final product will have the best 
possible grain size. In fact, just js^there is a definit e relation 
between toughness and^Jram^SzeJ ^ there is a rel^ion between 
graSnsIze and the temperature from which cooling begins. 
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We now come to the third point. However irregular, coarse, 
and large the grains of a steel may be, the moment we heat them 
(i.e. the steel they compose) to a temperature just above the Acg 
or other upper critical point, the large crystals disappear and are 
replaced by the best possible grain size. 

Research has taught us yet more about grain size and its 
effect. It is now known that to heat a steel for any considerable 
period above 1000° C. greatly enlarges the crystals and causes 
embrittlement. Hence the importance of care in heating steel. 
Sustained o^heating does irreparable harm, 

"OnT^oint relative to steel and iron crystals needs mention 
before we pass on to a closer examination of steel structure as 
revealed by the microscope. Fortunately or unfortunately for 
civilization and the steel manufacturer, the cleavage planes of 
iron and steel crystals do not all lie in the same direction, or 
almost any bar could be cracked by a comparatively light blow, 
whatever the size of its graing. It is because in commercial irons 
and steels the crystals lie at all angles to each other that these 
metals possess the strength that is their greatest recommen¬ 
dation. We must remember, too, that although fineness of grain 
is usually synonymous with good quality, fineness of grain may 
in certain instances be a bad rather than a good quality. Into this, 
at the moment, however, we need not go. 

Cold steel, then, under the microscope, is seen to consist of 
crystals or grains of pearlite interleaved with, or surrounded by, 
crystals of ferrite or, alternatively, of pearlite grains and cemen- 
tite crystals, together with whatever additional elements or 
impurities the steel contains. Solid steely in shorty is always 
crystalline, 

'^Annealing and normalizing are two technical terms defining, 
to some extent, the method of cooling. Annealed steels are 
allowed to cool down slowly in the furnace, after being soaked 
at the proper temperature, whereas normalized steels are with¬ 
drawn from the furnace and allowed to cool down in the air. 
Generally the structure of the normalized steel is finer, but it 
must be realized that the two terms cannot be put into “ water- 
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tight compartments; the cooling of a large mass or piece in 
air may yield an annealed structure. 

Martensite: Troostite: Sorbite. 

In a preceding chapter we described certain of the con¬ 
stituents of steel as seen under the microscope, e.g. ferrite, 
cementite, pearlite and austenite. There is no need to go over 
this ground again. There are, however, other constituents of 
steel with which we have not yet dealt, and the present seems 
a suitable opportunity for discussing them, in order that when 
we come to other phenomena of steel in which they play a part, 
we may refer to them by name without the necessity for ex¬ 
planation. 

The first of these hitherto ignored constituents is martensite, 
first discovered by A. Martens, a metallurgist, and director of 
the Royal mechano-technical experimental station at Charlotten- 
burg, Germany. He published a paper on the “ Microscopic 
Investigation of Iron ” in 1878, and went a long way in corre¬ 
lating the application of the microscope to the study of fractures 
and visual characteristics. 

Martensite is really a primary stage in the breaking down of 
austenite, which, as we have seen, is an unstable substance except 
at high temperatures. Austenite is rarely found in ordinary steels 
and generally changes readily on cooling into its constituents, 
ferrite and cementite. Martensite is a transitional substance 
arising out of this breakdown of the austenite. When a steel 
containing, say, 0-85 per cent of carbon is heated above its critical 
point and then rapidly cooled by quenching iirwater, it has been 
shown that the critical point on cooling occurs at about 300° C. 
At this relatively low temperature the steel is so rigid that it 
cannot yield to the impressed volume change accompanying the 
change from gamma to alpha iron. Impressed volume change 
means that in consequence of the change in volume that would 
normally accompany the. gamma-alpha change, the steel is 
internally stressed. It is, so to speak, trying to change its volume, 
but in consequence of its own rigidity is unable to do so. It is 
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this internal stress that accounts for (i) the hardness of marten¬ 
site, and (ii) its instability and the softening that occurs when the 
hardened steel is tempered. Its structure is therefore that of a 
strained alpha lattice with, perhaps, the minute distribution of 
carbide along the cleavage planes. The exact nature of marten¬ 
site is even to-day not completely understood, but the above is 
a generally accepted view of its constitution. 

Martensite is hard, harder, in fact, than any other constituent 
of steel containing an equal amoimt of carbon. It is the essential 
constituent of any hardened tool steel. 

To harden steel and obtain the hard martensitic state it is 
necessary to cool it faster than a rate known as the critical 
hardening speedy which, for carbon steels, is rapid indeed. The 
critical hardening speed is that required to harden the steel (by 
cooling), which must be exceeded for full hardening. If cooled 
at slower rates, the steel may be partly, but is not fully, hardened. 
With alloy steels the critical hardening speed is much less, so 
that in some instances cooling in oil or simply cooling in air 
suffices to yield the hard martensite. Martensite is^stror^. 
magnetic. 

^f a steel is rapidly cooled but at a rate less than the critical 
hardening velocity, another constituent,' known as troostite, 
makes its appearance. This constituent is named after the French 
metallographist, L. Troost, and is another of the transitional 
substances arising out of the breakdown of austenite into pearlite, 
but formed at a much higher temperature than martensite. 
Troostite is formed when carbon steels are quenched in oil or 
when large sections are quenched in water. The hardness of 
troostite is about half that of martensite. 

Sorbite^ named after that grand old Sheffield scientist, Dr. 
H. C. Sorby, is a third of these marginal or transitional con¬ 
stituents, and may be found in normalized carbon steels relatively 
high in manganese, or in the interiors of large masses quenched 
in water. When thus formed it has a great resemblance to pear¬ 
lite; so great, in fact, that it is not always easy to distinguish 
them; but its characteristics are different, and for this reason 
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it must be kept in mind. It is stronger by far than pearlite, and 
its struct ure is much moreTntricate and close. The true sorbite 
IS produced by first hardening the steel and then tempering it 
at about 650*^ C. The exceedingly fine sorbitic structure thus 
formed possesses a unique combination of tenacity and ductility. 

These various constituents are, at first sight, extremely con¬ 
fusing. It will simplify the matter if we show, in a kind of 
genealogical table, the place of each in the scheme of things, 
as below: 


Austenite 



Martensite —y Troostite 



Pearlite and Pearlite Pearlite and 
Cementite (0-85% C) Ferrite 
(more than 0'85% C) (less than 0-85% C) 

Hitherto we have dealt with iron and carbon only. We must 
now discuss the effect of impurities and alloys on the structure 
and properties of steel. This will be attempted in the next 
chapter. 


CHAPTER VI 

Impurities of Steel 

Impurities in Iron and in Steel. 

It must be clearly understood that commercial iron and steel 
are never completely pure, and that the impurities they contain 
inevitably affect their grain structure and properties. Let 
us now consider some of these impurities and their effects. 
The chief impurities foimd in iron, apart from carbon, are sili¬ 
con, sulphur, phosphorus, and manganese. These are solids. 
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It almost invariably happens, however, that gaseous impurities 
also occur, e.g. nitrogen, oxygen, and hydrogen. In steel the 
same impurities are found, but it must be remembered that, 
although they are impurities in the real sense, they can (or at 
least some of them, such as silicon and manganese) also become 
alloying elements with beneficial effects, as will be seen later. 

For the moment, however, we shall regard them as essentially 
impurities in the mild and medium carbon steels with which 
we are dealing. 

Silicon. 

The first to be considered is silicon, which is found in small 
quantities in every type of steel, usually from o-io to 0*30 per 
cent, but ranging from as low as 0-03 per cent to as high, on 
occasion, as 0*5 per cent or even higher in certain special alloy 
steels. Silicon in steel is present in solid solution in the iron^ 
and slightly increases the strength and hardness, also raising 
its critical points. 

Sulphur. 

A much more harmful element existing as an impurity in steel 
is sulphur, if precautions are not taken to counteract its harmful 
influence. For certain purposes—the manufacture of aircraft 
parts for example—it is generally assumed that the lower the 
sulphur, the better the quality of the steel. Efficient steel manu¬ 
facturers often contrive to reduce the sulphur content to as low 
as 0*015 per cent or even, on occasion, to o*oio per cent. 

Sulphur has an affinity for manganese, which, however, as 
indicated above, always occurs in steel. This is important, be¬ 
cause but for this affinity for manganese, the sulphur would 
combine chemically with the iron to form iron sulphide (FeS) 
which, for reasons shortly to be stated, is a far less desirable 
compound than manganese sulphide. Consequently, the steel 
manufacturer has to take care that there is enough manganese 
in the steel to prevent the formation of “ free fti^lphida^oljfeQ, 
which is exceedingly weak and brittle. InTprStice, this means 



THE STRUCTURE OF STEEL 


37 


that anything from twice to eight times as much manganese as 
sulphur is necessary for this purpose, and, m most instances, the 
actual manganese content of the steel considerably exceeds the 
8 to I ratio, although it must be borne in mind that the excess 
manganese performs other useful functions. 

If sulphur is allowed, owing to insufficiency of manganese, to 
form iron sulphide, trouble is certain to occur, for iron sulphide, 
besides being far more brittle than manganese sulphide, does 
not occur in the cold metal in the relatively harmless form of 
globules, but exists as exceedingly thin brittle films separating 
the ferrite or p earlite £raii^. This has a disastrous influence on 
the coherence of the steel, as will be realized from previous 
remarks on crystal fbnnation. In the absence of sufficient man¬ 
ganese, steel is rendered both “ hot-short ” and “ cold-short ” 
by the presence of sulphur, i.e. it tends to break down and 
disintegrate when mechanically worked, either hot or cold. 

If, however, the manganese content of the steel exceeds o-8o 
per cent, and the manganese-sulphur ratio is above 2, little or 
no difficulty is experienced in working the steel, either hot or 
cold. 

Phosphorus. 

Another impurity, perhaps more harmful than sulphur, is 
phosphorus. Moreover, its harmful influence is less easily com¬ 
bated, although it has recently been shown that the bad effects 
of phosphorus are much less m arkedjg hen the steel co ntains a 
little copper and /or„chromiugi. Phosphorus readily combines 
With iron, and forms a phosphide of iron having the chemical 
formula FegP. In high phosphorus pig irons and cast irons it 
may exist in the form of this phosphide, but in steel the phos¬ 
phorus is usually in solid solution in the iron, and then increases 
the hardness and tensile strength, but, unfortunately, it also 
seriously affects the ductility and resistance to impact or shock. 
In addition, for a given treatment, phosphorus increases the 
grain size of the steel. Its influence is, therefore, to be regarded 
as definitely bad, so far as mechanical properties are concerned, 
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and although as much as 0*05 per cent is allowable in structural 
steels, the phosphorus content of a good tool steel should in no 
circumstances be greater than 0*035 per cent. 

One of the greatest troubles associated with sulphur and 
phosphorus is that known as segregatiotiy i.e. concentration of 
these two elements during freezing in areas between the crystals 
of which the steel is composed. In these areas the sulphur and 
phosphorus values may greatly exceed the average percentages. 
Segregation is most often found in the top parts of ingots and 
castings. 

In free-cutting steels intended for rapid machining in auto¬ 
matic machines of the “ Gridley ** type a phosphorus content 
up to 0*10 per cent is allowable, although the sulphur may con¬ 
siderably exceed 0*20 per cent. Indeed, a free-cutting steel that 
has proved highly successful has been developed by the Park 
Gate Iron & Steel Co., Ltd. This contains between 0*40 and 
0.50 per cent of sulphur. In the manufacture of high-sulphur 
free-cutting steels a major consideration is the manganese- 
sulphur ratio, which must exceed 2; otherwise difficulties due 
to “ hot ” and “ cold shortness may occur. So far as phos¬ 
phorus is concerned, the authors are of the opinion that high 
phosphorus contents are undesirable, since this element exists in 
solid solution in the ferrite, and increases its hardness. 

During recent years, lead has been introduced into all classes 
of steel to improve its machinability. So far as machining pro¬ 
perties are concerned, the “ leaded ** steels appear to be superior 
to the “ lead-free ” steels of similar chemical composition having 
normal sulphur contents, say below o*o6 per cent, but little or 
no advantage is obtained in regard to machinability by the 
introduction of lead into low-carbon high-sulphur free-cutting 
steels. One of the major claims made for the introduction of 
lead into steel is that tool-life is considerably improved, but as 
an offset special precautions have to be taken during manufacture 
to avoid contamination of the atmosphere by lead fumes, which 
otherwise would be injurious to those workers who have to make 
and manipulate “ leaded ” steels. 
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So far as the usual high-sulphur free-cutting steels are con¬ 
cerned, it is curious that maximum machinability is apparently 
obtained only when they are in the bright-drawn condition, i.e. 
when the yield point, tensile strength and hardness have been 
increased by reducing the diameters of the bars by cold-drawing 
through a suitable die. 

Manganese. 

Our next impurity is manganese. This element is also an 
essential constituent of any steel. It is a powerful and most 
effective deoxidant and, apart from its influence on sulphur as 
stated above, is perhaps the most useful element for the pro¬ 
duction of perfectly sound steel free from internal defects such 
as blowholes or gas-cavities. Manganese also improves the 
tenacity of steel without seriously affecting its ductility. More¬ 
over, it increases the depth-hardness of hardened steel. 
Steels low in manganese may have a shallow hardened skin even 
when quenched in water. When high percentages of manganese 
are added, say between lo and i8 per cent, and the carbon con¬ 
tent of the steel is about i per cent, the steel is retained in the 
austenitic condition when cooled in air or sprayed with water 
after being heated to about 1000° C. The steel is then non¬ 
magnetic, and although soft, as measured by the Brinell test, 
possesses a remarkable resistance to abrasion. Whether present 
as an impurity or as an intentional constituent, therefore, man¬ 
ganese has a beneficial influence on the properties of steel. 

Gaseous Impurities. 

Of the gaseous impurities oxygen is perhaps the most impor¬ 
tant. In general, it is regarded as having a bad influence on the 
properties of steel. It rarely exceeds 0*025 
centage is greatest in Bessemer steels and least in steels made in 
the electric furnace; Siemens open-hearth steels have inter¬ 
mediate values. 

Nitrogen is found in percentages ranging from 0*005 to as 
much as 0*3 per cent in welds. Nitrogen has a hardening and 
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embrittling tendency. Here, too, the amount is greatest in 
Bessemer steel and least in electric furnace steel. Nitrogen 
is intentionally introduced into the surface layers of certain 
case-hardening steels, resulting in the production of an in¬ 
tensely hard skin, which will withstand abrasion. In these 
nitrided steels nitrogen thus becomes an alloying element rather 
than an impurity. In welds it is an undesirable constituent. 

The effect of hydrogen in steel is bad; its presence is responsible 
for the formation of gas cavities near the skin of ingots and 
castings, and thus leads to unsoundness. The formation of 
“ flakes ” and “ hair-line ” cracks has also been attributed to 
hydrogen. It may be asked: where does the hydrogen come 
from? There is little doubt that its presence is due to water- 
vapour in the furnace charge or atmosphere or in the alloys 
added to the molten steel. 

We now come to the fascinating and complex subject of 
alloy steels. This will be considered, in part at least, in the next 
chapter. 


CHAPTER VII 

Alloy Steels 

Carbon Steels and Alloy Steels. 

In the preceding chapter, certain solid or gaseous inclusions 
in steel were described as impurities. This is because their 
occurrence is accidental, unavoidable, and usually harmful. 
Certain additions of alien substances are, however, made to steel 
intentionally, either to produce certain specific results, or to 
improve the steel generally. Such additions are known as alloys, 
and the steels containing them are known as alloy steels, in con¬ 
tradistinction to the carbon steels, in which none of these extra¬ 
neous materials occur. Carbon steels are themselves, in actual 
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fact^ “ alloysteels, but since every commercial steel contains 
some carbon, the term “ alloy steels ” is, in common parlance, 
confined to steels containing one or more added elements. 

The enormous development in numerous branches of the 
engineering, automobile, aircraft, chemical and other industries is 
due, almost entirely, to the growth and multiplication of alloy 
steels, which have been the main feature of steel progress during 
the present century. It would be impossible, in this little book, 
to give a comprehensive account of the multitudinous alloy steels 
and their uses, nor, from the point of view of steel structure, is 
it essential. All that will be attempted is a rapid survey of the 
principal alloys and their effect on the structure of steel. 

Silicon Steels. 

Since silicon was chosen as the first example of an impurity 
in steel, it will be interesting to regard it now in the light of 
an alloy, as in silicon steels. 

As remarked in the last chapter, all steels contain some small 
proportion of silicon, but in certain alloy steels considerably 
larger amounts of this element are found. Thus silicon-steel 
(really silicon-iron), invented by Sir Robert Hadfield, contains 
about 3*5 per cent of silicon, and very little carbon. The struc¬ 
ture of this steel consists of silico-ferrite, i.e. the whole of the 
silicon is in solid solution in the iron. Silicon-steel is magnetic 
but possesses a low magnetic hysteresis, i.e. it is easily magnetized 
and demagnetized without undue energy loss, and on this account 
is widely used in transformers, where it is necessary to cut down 
magnetic losses to a minimum. Then there are the silico-man- 
ganese steels used for springs, containing about 0*55 per cent C, 
i*25-2*oo per cent Si, and o*8-o*9 per cent Mn, and the silico- 
chrome steels used for exhaust valves, containing about 0*40 per 
cent C, 3*5 per cent Si, 8*o-9-o per cent Cr. 

It was mentioned in Chapter VI that silicon raises the critical 
points in steel. So does chromium, and the critical point in silico- 
chrome steel is relatively high, a useful practical feature since it 
means there is less likelihood of successive hardenings and tern- 
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perings during heating and cooling, when the valves are in use. 
The critical points, and therefore the hardening temperatures, 
of silico-manganese spring steels are also considerably higher 
than those of steels low in silicon but of otherwise similar com¬ 
position. One detrimental influence of silicon on steel is the 
promotion of decomposition of the carbide of iron into iron and 
graphite. If this occurs, the steel is generally useless. This 
difficulty is overcome by having enough manganese (and some¬ 
times chromium) present in the steel. In grey pig iron and 
grey cast iron the silicon may be as high as 3*0 per cent, and 
this largely accounts for most of the carbon then existing as 
graphite. 

Manganese. 

Manganese is extensively used as an alloying element in steel. 
The effect of this metal on the structure of steel is considerable. 
First of all the critical points in steel are lowered, and when 
about 2-0 per cent is added, the critical points in steels of even 
moderate carbon content merge into one another, so that only 
one change-point occurs. When more than 2*o per cent is added, 
i the steels possess air-hardening properties, and their structures 
are martensitic at normal temperatures after cooling in air. 

Nickel. 

Nickel is a most important alloying element. Its main effect 
is to lower all the critical points in steel. With about 4*0 
per cent of nickel the Ag and Ag points are merged into one 
another, and if still higher proportions of nickel are added, only 
one change-point may be obtained. The lowering of the Ar^ 
point is greater than the lowering of the Aci point, i.e. nickel 
increases the thermal lag or hysteresis, referred to in Chapter IV. 
Thus the Acj point in a steel containing 0*40 per cent C and 
375 per cent Ni is 710° C., and its Ar^ point occurs at 595° C. 
Nickel also refines the grain size of steel, but to obtain the best 
results for structural purposes from pearlitic nickel steels, which 
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can be heat-treated just as carbon steels, we must lower the 
carbon content as the nickel percentage is increased. 

If the nickel is increased up to more than 30 per cent, the 
critical point in steel is below zero, so that when the steel is 
cooled its structure consists of the non-magnetic austenite. 

Chromium. 

Another most important alloying element is the metal chro¬ 
mium^ the key-element in the wide range of stainless and heat- 
resisting steels developed in recent years. Chromium readily 
dissolves in liquid iron, and is also held in solid solution in both 
alpha and gamma iron. When the chromium exceeds about 
12*0 per cent, the alloys of iron and chromium no longer exhibit 
allotropy, but consist of ferrite solid solutions at all tempera¬ 
tures from atmospheric up to their melting-points. 

In the presence of carbon some, at least, of the chromium 
is present in the carbide that separates from the austenite on 
cooling. In actual fact, the carbide or cementite in chromium 
steels is a solid solution of chromium carbide in iron carbide. 
This “ complex ” carbide dissolves much more sluggishly than 
pure iron carbide when the steel is heated above its critical point. 

Chromium also alters the eutectoid carbon content, e.g. 
when the chromium content is about 13*0 per cent the amount 
of carbon in the eutectoid, pearlite, is about 0-3 per cent only, 
instead of 0*85 per cent. Chromium also raises the critical points 
in steel. 

It must be borne in mind that alloys to-day are not only 
added singly. Chromium-nickel, nickel-chromium-molybdenum, 
cobalt-chromium-tungsten, are but three of the numerous alloy 
combinations in steel quite frequent in modem metallurgy. 
When these extensive alloy combinations are borne in mind, 
together with the widely varying percentages of the respective 
alloys, the fluctuations in carbon content, and the fact that dif¬ 
ferent characteristics are exhibited at different temperatures, it 
will be realized at once that no brief account like the present can 
effectively and intelligibly deal with the structural variations, the 
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permutations and combinations, that occur. For an account of 
these, the reader must refer to the more specialized textbooks 
and treatises that abound. 

Vanadium. 

To revert to the simple alloy additions, one may mention 
next vanadium. This goes into solid solution with both alpha 
and gamma iron. When the amount of vanadium exceeds about 
1*10 per cent, the iron-vanadium alloys do not undergo allo- 
tropic changes and consist of ferrite solid solutions at all temper¬ 
atures, as do the pure (i.e. free from carbon) iron-chromium 
alloys containing more than i2*o per cent of chromium. In steel 
containing carbon, vanadium carbide is formed, which also 
enters into solid solution with carbide of iron. This complex 
carbide is even more sluggish in going into solution in gamma 
iron than the complex carbide in chromium steel, which is an 
advantage, since it means that vanadium steels are not so readily 
overheated as other steels. 

Molybdenum. 

Molybdenum is a further alloying element of commercial 
interest. Like chromium and vanadium, it goes into solid solu¬ 
tion in both alpha and ganuna iron, and forms complex carbides 
in the presence of carbon. Molybdenum appears to refine the 
grain size of steel, and is also introduced into nickel-chromium 
steels to avoid “ temper-brittleness i.e. low resistance to 
impact or shock after hardening and tempering, the latter opera¬ 
tion being conducted at 600° to 650"^ C., followed by slow cool¬ 
ing. Molybdenum is often used as a substitute for tungsten in 
the high-speed steels of German and American manufacture, 
because the United States has a shortage of tungsten. War 
conditions have also rendered its use more frequent in this 
country and others. 

Many experiments on these steels have been conducted in 
this country. The results from high-speed steels containing 9 
per cent of molybdenum instead of about 20 per cent of tungsten 
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at first proved disappointing, mainly on account of “erraticity”, 
i.e. the cutting properties of molybdenum high-speed steels were 
more variable than those of tungsten-base high-speed steels, 
but research has now produced a range of molybdenum high¬ 
speed steels fully equal to those containing high tungsten per¬ 
centages, and owing to the war-time shortage of tungsten these 
are being increasingly adopted as standard cutting steels. Molyb¬ 
denum up to 2 per cent appears to improve greatly the hardness 
and cutting powers of tungsten high-speed steel, if the steel also 
contains vanadium. 

Tungsten. 

In some respects the effect of tungsten is similar to that of molyb¬ 
denum. Thus, it enters into solid solution in both alpha and 
gamma iron, and yields a carbide of tungsten (WC) when carbon 
is present. Even as little as i‘0 per cent of tungsten has a remark¬ 
able influence on the grain size of tool steels containing about i*o 
per cent of carbon. When hardened, steels of this type have a 
much finer grain and fracture than steels of similar carbon con¬ 
tent free from tungsten. Tungsten is an essential constituent of 
high-speed steel, upon which it confers the property of “ red¬ 
hardness ”, i.e. the ability to cut even though the nose of the tool 
may be at a dull red heat. At such temperatures the cutting-edge 
of an ordinary carbon steel would be completely destroyed. 
Tungsten also raises the critical points in steel; hence the need 
for hardening high-speed steel at temperatures between 1250® 
and 1300° C. 

Cobalt is another element introduced into certain special 
steels. It is added to magnet steels to improve their “ rema- 
nence ” and ** coercivity ”, i.e. their stability under varying mag¬ 
netic conditions, and, in addition, is added to high-speed steels 
to improve “ red-hardness ”, i.e. cutting efficiency at elevated 
temperatures. Cobalt is also an important constituent of the 
Ni-Al-Co-Fe (nickel-aluminium-cobalt-iron) alloys used for 
permanent magnets. 

The manifold structural intricacies of these innumerable 
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alloy steels can be imagined, and their behaviour on heating 
and cooling are of more interest to the metallurgist and research 
worker than to the practical man. We therefore leave them at 
this point, and go on to consider a series of operations of enor¬ 
mous practical importance, comprised in the generic term “ heat- 
treatment 


CHAPTER VIII 

Heat-Treatment: Case-Hardening • 

Heat-Treatment and Structure. 

Steel as usually supplied is comparatively soft. For many 
purposes it has to be made harder, and to achieve this, a process 
of heat-treatment is necessary. This heat-treatment or “ harden¬ 
ing ” process is of great practical importance, and in order that 
it shall be carried out successfully, some knowledge of the 
metallographic and structural aspects of the matter is desirable. 
We will, therefore, review it first in the light of explanations 
already given. 

In earlier chapters the relation between equilibrium diagrams 
and cooling curves has been studied, and it has been shown 
also that while steel changes its structure from austenite to 
pearlite when slowly cooled, other constituents may be formed 
when the rate of cooling is quickened. All these points are of 
great significance in the heat-treatment of steel, and must be 
thoroughly grasped in order that heat-treatment may be carried 
out satisfactorily. 

It has been seen that if we heat a simple steel containing 
0*85 per cent of carbon to a bright red, its structure will be 
austenitic. Cooled in the furnace or air, when the temperature 
reaches 695° C., the austenite changes to pearlite (ferrite and 
cementite). If quenched in water from above this temperature, 
the normal separation of the ferrite and cementite from the 
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austenite is prevented. Nevertheless, little or no austenite is 
found in the quenched structure. Instead, if the cross-section 
of the steel is not too large, its structure is composed of marten¬ 
site throughout. The probable constitution of martensite was 
discussed in Chapter V, where it was suggested that the hardness 
of martensite is due essentially to the straining of the alpha iron 
lattice in consequence of the carbides trying, as it were, to form, 
but being unable to do so. 

With these few comments in mind the reader will perhaps 
be able to follow with greater facility the actual phenomena of 
hardening, tempering, and annealing. 

Hardening. 

To harden a steel properly is a scientific operation demand¬ 
ing an accurate knowledge of the hardening or quenching tem¬ 
perature. The observed effects of suddenly cooling steels from 
temperatures between their critical points reveal that the higher 
the temperature of the steel before quenching, the greater is 
the hardness of the suddenly cooled steel, the ductility becoming 
less, until the upper change point is passed, after which the tem¬ 
perature of quenching has little influence on the hardness but 
may seriously affect its toughness, i.e. render the steel more 
brittle. If, for instance, a 0-85 per cent carbon steel is heated to 
a temperature well above its critical point (730° C.) and then 
quenched, it is really over-heated, and although certainly hard, 
is far too brittle for commercial use. A golden rule is never to 
heat any steel for hardening to a temperature much above its 
upper (Ac) critical point. 

But there is another factor having an important effect on the 
properties of the steel after quenching. This is the speed with 
which the piece is cooled. If this varies, the hardness of the steel 
will vary. It can be said, simply, that the quicker the cooling, 
the harder the steel. Certain quenching media are much more 
drastic in their cooling action than others. Iced or brine water 
cools hot steel more rapidly than water at room temperature, and 
water at room temperature more rapidly than whale oil. We 

(F 385) 5 
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choose our quenching medium, therefore, according to the degree 
of hardness desired. 

The effect, structurally explained, is that the quicker the 
cooling, the lower the temperature at which structural changes 
in the steel occur, and the more promptly these changes are 
arrested. The carbon is prevented from precipitating out, and 
the necessary hardness obtained. 

Yet another factor must be borne in mind in steel hardening, 
namely, the influence of mass or size. The fact that small pieces 
can be more thoroughly hardened than large ones is definite and 
not inexplicable. 

Bullens gives the following data to represent the effect of 
mass on the tensile strength of steel: 


Diameter of bar (inches) 

i 

1 


2 

2 i 

3 

48 


Max-stress (tons per sq. inch).. 

63 

60 

58 

65 

60 
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The reason is that as the piece increases in size, the longer 
is the time required for the effect of the quenching to pass from 
the surface to the interior. The heat is therefore extracted more 
slowly from the interior and its rate of cooling is retarded. 

Recalescence. 

It has been shown that when we cool a piece of steel con¬ 
taining 0*85 per cent of carbon, it shows a critical point at 695° C. 
If we could observe this cooling in a darkened room, it would 
be seen that the piece would actually glow at the temperature 
of the critical point, owing to the heat energy given out as the 
ferrite and cementite are deposited from the austenite. This 
phenomenon, i.e. the sudden evolution of heat at the Ar point 
during cooling, is often described as recalescence^ and in many 
works is known as “ moonshining 

Tempering. 

We have already dealt with hardening, and must now consider 
the operation of tempering. Hardened steel may be very brittle 
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and before it can be placed into service must be tempered, i.e. 
reheated to some temperature which is always below that of 
its lower critical point. To put the point broadly, there are two 
ranges of tempering: {a) low-temperature tempering, as applied 
to high-carbon tool steels, &c., where most of the original hard¬ 
ness is retained, and (h) high-temperature tempering, up to 650° 
C., where any martensite is completely destroyed and replaced 
by the tough sorbite. The latter treatment is applied to the 
lower carbon structural steels, which are required to be tough 
and strong, yet capable of withstanding sudden shock and 
fatigue. 

Low-temperature tempering of hardened steel may not lower 
the hardness much but will, nevertheless, most certainly lessen 
its brittleness by equalizing the internal strains developed during 
the hardening. 

As the temperature of tempering rises, the hardness falls off 
but the toughness and ductility are improved. One essential 
feature of the tempering treatment is that it can be completely 
controlled so as to yield the necessary combination of hardness, 
strength and toughness. This is possible solely because the 
martensite obtained by quenching is really an unstable con¬ 
stituent. It should not be present at all, and when the steel is 
reheated, it seizes the opportunity to revert to the normal struc¬ 
ture. On tempering , therefore, the martensite (and troostite) 
gradually suffers breakdown with the deposition of carbide of 
iron particles, which increase in size as the temperature is raised. 
At first these particles are sub-microscopic, but coalescence or 
mergence takes place until, after tempering at temperatures 
above about 550° C., the carbide is rendered visible under the 
microscope. Troostite also breaks down in a similar way. Even¬ 
tually, therefore, by tempering at a sufficiently high temperature 
after hardening, the normal constituents of steel, ferrite and 
cementite, are reproduced but are not arranged in quite the 
same fashion. Instead of laminated pearlite, with or without free 
ferrite or cementite, the structure of hardened and “ fully ” 
tempered steel consists of small spherical particles of cementite 
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uniformly distributed throughout the ferrite matrix. This 
constitutes a true sorbite, and it is this fine uniform structure of 
sorbite that is responsible for the splendid combination of tough¬ 
ness and ductility obtained from a properly hardened and tem¬ 
pered steel. 

Annealing. 

Another important heat-treatment process is annealing, and 
steel users often confuse this process with tempering. The reader 
should study pp. 48 and 86 in conjunction with this section and 
the following. 

Tempering always implies a reheating, but at temperatures 
below the lower critical point and, usually, after hardening or 
quenching, or after cold work. On the other hand, in annealing, 
the temperatures employed are generally at least above the lower 
critical point, although on occasion a sub-critical annealing may 
be conducted, where the annealing range is immediately below 
the lower change-point. The difference becomes clearer if, foi; 
purposes of simplification, we substitute the word “ softening ” 
for “ annealing Users often require a steel in the soft state, 
perhaps because they wish to machine it readily. Annealing is 
the process that achieves this. But it does other things as well. 
It frees the metal from such internal stresses as may have been 
set up by manipulation under heat (rolling, forging, casting, 
pressing, &c.). But in no sense has annealing any relation to the 
hardening and tempering processes, from which it differs com¬ 
pletely. Annealing is essentially a hardness-removing operation. 

Commercial annealing temperatures are to a large extent 
dependent on the carbon content. With carbon less than 0*85 
per cent, the steel is heated just above its upper critical point, 
but if the carbon content is greater than 0*85 per cent, it is heated 
to a point just inside the critical range, in such a manner that the 
austenitic state is never wholly achieved. The usual annealing 
temperatures for the high carbon tool steels are between 760° 
and 780° C. 

The required annealing temperature is maintained for 



THE STRUCTURE OF STEEL 


51 


definite period, and then the steel is permitted to cool down 
slowly to normal temperature. There must be no hit or miss 
about the operation. Both temperature and time must be ac¬ 
curately known, so that the desired result may be brought about. 
In the end, the steel is no longer hard, and in a position of 
arrested structural change (as on tempering). The structural 
changes of annealing will be dealt with later, where necessary. 

Normalizing. 

The next heat-treatment process of interest is normalizing^ 
sometimes termed “ grain refining ’’ (pp. 85 and 87). 

This, like annealing, is a cooling process. The difference 
between the two lies in the method. In annealing, the steel is 
heated up, and allowed to cool in the original furnace, whereas 
in normalizing, it is permitted to cool in air. Actually normal¬ 
izing is not an exact term, owing to the differences in the speed 
of cooling inevitable when the size of the piece varies. A thin 
section will quickly cool throughout its entire structure. A large 
mass will cool much more slowly, and therefore the resulting 
structure in the interior of the mass will be more like that of 
annealed steel. 

The normalizing treatment has definite advantages. It gives 
to ordinary steel a much greater degree of tensile strength than 
will annealing, and the yield point and reduction of area are 
likewise improved. (These terms will be explained in a later 
chapter.) Furthermore, normalized steels frequently provide a 
surface when machined superior to that which identical annealed 
steels would give. Normalizing is particularly advantageous for 
bars that have been rolled and emerge from the rolls at a com¬ 
paratively low temperature, since it improves their ductility, a 
measure of which is lost in the rolling, and produces a greater 
uniformity. 

Case-hardening. 

We now come to case-hardening (other and better names for 
which are case-carburizing and case-carbonizing). 
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tries machinery parts are subjected to both wear and repeated 
shocks. To meet these requirements a steel must be obtained 
hard enough to withstand wear, yet tough enough not to be 
readily fractured by shock, and at the same time low enough in 
first cost to be economical.^ Such a steel is with difficulty pro¬ 
curable af a low price, and for this reason a method of com¬ 
bining these properties in an ordinary carbon steel (or in certain 
alloy steels) has been invented and is known as case-hardening. 

Case-hardening is based on the assumption that carbon makes 
a steel harder. If we want a hard surface to withstand wear, we 
can, it is assumed, obtain it if we can manage by some means 
to increase the carbon percentage of the skin or surface layer, 
while leaving the rest of the material inside in its original con¬ 
dition, which is tough and ductile. The actual process of intro¬ 
ducing the carbon into the skin is called cementation. 

The method is to take the part after it has been machined 
from an ordinary low-carbon steel, embed it in some substance 
of very high carbon content, and then heat it to a temperature 
above 900° C. If this heating is correctly carried out, the steel 
will slowly soak up carbon from the surrounding mixture, this 
being one of the properties steel possesses. The iron above 900° 
C. is in the gamma condition. It is possible to obtain almost 
any required depth of “ case ” (i.e. of hardened skin or layer) 
by regulating the temperature and the period during which the 
heating is maintained. Usually the layer is between i and 2 mm. 

The best case-hardening temperatures lie between 900° and 
930° C. and this latter figure should not be exceeded. The reason 
is that otherwise there is a serious risk of over-carburization 
of the case with the formation of a network of free cementite. 

The aim in case-carburizing should be to produce a “ case ” 
of eutectoid composition, the interior or “ core being retained 
in an unchanged condition so far as its carbon content is con¬ 
cerned. 

The reasons for using low or medium carbon steels are (i) 
their cheapness and easy machinability, and (2) their readiness 
to absorb additional carbon. 
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Case-hardened steels need to be heat-treated after the cementa¬ 
tion process is finished. It will be clear from what has been 
written earlier that by diffusing additional carbon into the low 
carbon steel layer or case, we are actually bringing the steel at 
these points into a condition closer and closer to the eutectoid. 
We shall therefore have to harden and temper it if we wish to 
obtain maximum hardness of case combined with toughness of 
core. 

In addition to overheating, case-hardening can be spoiled 
by undue prolongation of the heating period, which means 
that the carbon goes deeper and deeper into the steel, until a 
eutectoid mass throughout is obtained, and the part ruined. 

It will be as well to study the facts of carbon diffusion more 
closely. Carbon by itself does not diffuse into steel. So true is 
this, that if carbon in a completely pure form were packed round 
a case-hardening steel and heated to the correct temperatures, 
scarcely any would diffuse into the skin or surface layer. It is 
now known that the carbon is carried into the steel by gases freed 
during cementation. 

It is because pure carbon is of so little use in case-hardening 
that such substances as wood charcoal are never used alone for 
the purpose, but are always compounded with some other 
substance, such as barium carbonate. As the choice of case- 
hardening compounds belongs to the practice of steel treating 
rather than to the structure of steel, we shall pursue this aspect 
of the matter no further. 

Nitriding. 

One form of case-hardening that has come to the fore in 
recent years is nitridingy in which nitrogen gas is employed 
instead of a compound to give the hard outer surface required. 
Nitrogen itself does not affect steel to any great extent, but if a 
steel part or piece is subjected to heat in the presence of an 
ammonia atmosphere, a case-hardening effect of great value is 
produced. Ammonia contains nitrogen, of course, and this 
nitrogen unites with the iron in the part. The result is the for* 
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mation of needles of iron nitride (Fe4N), which is very hard, 
giving a coarse martensitic appearance to the structure. These 
nitride needles are precipitated from ferrite solid solutions, and 
give to it the extreme hardness perceptible. The nearer one 
comes to the core, the smaller is the proportion of nitrides to 
ferrite, until eventually the normal condition of ferrite-pearlite 
is attained, or retained. 

It is important to note that aluminium (about i per cent) is 
apparently a necessary constituent of steel intended for nitrid¬ 
ing, and it is believed there is a combination of aluminium and 
nitrogen, forming aluminium nitride. 

Another important point is that steels to be nitrided must 
possess a rather higher percentage of carbon than ordinary case- 
hardening steels, for the reason that some carbon is forfeited as 
a result of the process, and must be compensated for unless the 
core is to sacrifice some of its necessary strength. It is interesting 
to note that alloy steels are more suitable for nitriding than 
ordinary steels. The latter give a surface of great hardness but 
excessively brittle, and liable, therefore, to flake off in use. Steels 
with vanadium, chromium, titanium, and the like, in their com¬ 
position give a less brittle case of greater depth. 

Nitriding is usually carried out between 450° and 500° C., 
and the economic advantage of the process is that it requires 
no heat-treatment of the parts afterwards. The temperatures 
are well below any critical point, so that there is never any 
enlargement of the crystals or grains. Owing to the simplicity 
of the method, there is practically no warping or distortion. 
The temperature of 500° C. is, however, a maximum that must 
be observed or the results will be less satisfactory. Heat-treat¬ 
ment of the parts before nitriding is essential. 



THE STRUCTURE OF STEEL 


55 


CHAPTER IX 

Characteristics of Alloy Steels 

Silicon Steel. 

It may now be of value to deal in more detail with the normal 
characteristics of the better-known alloy steels. These were 
discussed from a purely theoretical point of view in an earlier 
chapter (Chapter VI, p. 35). We will now deal with them more 
generally. Silicon steel, discovered in 1888 by Sir Robert Had- 
field, has interesting characteristics. Silicon raises the critical 
points at which structural transformations occur, which implies 
that silicon steels must be heated to a higher temperature for 
heat-treatment than the standard carbon steels. The steel con¬ 
taining it has good magnetic permeability and high electrical 
resistance. Moreover, it is tough and stands up well to fatigue, 
even at raised temperatures. On the other hand, unless it is care¬ 
fully and properly heat-treated, the grains become coarse, which 
is a drawback. 

Silicon has also the ability to break up carbide of iron. Silicon 
steels are principally used for transformers, in the form of 
laminated cores. In combination with manganese, silicon makes 
up a silico-manganese spring steel of commercial importance. 
In the transformer cores the silicon percentage is approximately 
3I, and in the spring steel, i’25-2-o. Silicon steel should not be 
cold worked, as this has a bad effect on the magnetic properties. 

In tool steel, silicon does no damage so long as the percentage 
does not exceed 0-2 per cent, but any increase in this percentage 
is definitely harmful, though in certain special circumstances 
it may be higher. Silicon up to about 3 per cent is sometimes 
found in chromium valve steels for high temperature use, and 
up to 0*5 per cent in high chromium stainless steels. 
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Manganese Steel. 

Manganese steel (12-14 per cent manganese) is the most 
important of the commercial steels containing manganese. It 
has remarkable characteristics. The steel is normally in the 
austenitic state. A quenching treatment from 1000° C. results 
in the total retention of this austenite, with the iron in the gamma 
condition. This heat-treatment would leave an ordinary carbon 
steel hard and brittle, but with manganese steel it has precisely 
the contrary effect, leaving it as soft as is possible. (The Brinell 
number is as low as 200.) It is possible to bend it in the cold state, 
and a blow of sufficient force will make an impression without 
great difficulty. Yet any attempt to cut it with a chisel or file it 
fails. We will see why, shortly. Until the super high-speed 
steels containing high percentages of cobalt (such as Edgar 
Allen “ Stag Major ”) were invented, it was commercially 
impracticable to machine this steel, and any finishing work on it 
had to be done by grinding. Now, however, given proper plant 
conditions and technique, manganese steel can be and is regu¬ 
larly drilled and turned, as a practical job. 

Manganese steel can be forged. It is used in the form of 
castings and forgings (jaws, toggle-plates, liners, end-plates, 
&c., for crushing and grinding machinery; points, crossings, 
switches and rails for railways and tramways; pins and bushes 
for dredgers; &c.). A quenching treatment is necessary to put the 
steel into the best state for the finishing operations. 

The great ductility of manganese steel allows it to flow, spread, 
or deform readily under impact, and it should be noted that for 
certain parts this may be a disadvantage. Eventually, of course, 
the flow “ sets and the metal hardens under the repeated blows. 
In cast manganese steel railway crossings, for example, under 
heavy traffic, the metal, until finally set by work-hardening, 
gradually flows into the flangeway, and must be ground off and 
the crossing points rebuilt by welding. A remedy for this lies 
in depth-hardening, which ‘‘sets” and pre-hardens the metal 
in crossing castings before their installation. Another remedy 
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is to modify the standard manganese steel composition so as to 
produce a metal at least as high in tensile strength, but with in 
addition a higher elastic limit and greater resistance to the original 
flow under repeated impact. Investigations begun in 1934 into 
this problem have already produced valuable results, e.g. it is 
now established that yield strength and resistance to flow, for 
applications where suitable increase of hardness does not occur 
rapidly enough in service, can be greatly improved in the steel 
as made by a range of alloy additions to the furnace mixture 
supplemented by proper heat-treatments. These additions do 
not seriously lessen toughness, and enable the steel to be used 
for certain applications where the extreme ductility of the stan¬ 
dard manganese steel has been disadvantageous in service. The 
investigations are still continuing. 

For resistance to abrasion for certain specific purposes, 
chromium steels are more satisfactory than manganese steels, a 
notable example being ball-bearings and ball races. In such 
instances, however, abrasion resistance is not the only factor 
and strength is also important, so that these steels are employed 
in the fully hardened condition. Manganese steel, on the other 
hand, is used in the “ softened ” state (although the moment it 
is abraded, the surface layers become work-hardened). The 
chromium steel used for this and other purposes contains about 
1*0 per cent carbon and 1*5 per cent chromium, but unlike 
manganese steel, is not suitable for castings. In judging the 
relative merits of chromium and manganese steels for specific 
purposes, cost must also be considered. 

Annealing makes the steel brittle. Tempering it in the 
quenched condition results in a change to the martensitic state. 
Martensite is much harder than austenite and there is a conse¬ 
quent loss of ductility. Manganese steel in the normal con¬ 
dition, being austenitic, is non-magnetic. The iron is in the 
gamma form, and only when some of this has been transformed 
into alpha iron does magnetism arise. Thus, as martensite con¬ 
sists largely of alpha iron, the tempering treatment makes the 
steel magnetic. 
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The martensitic transformation takes time to occur when 
brought about by heating, but there is another way in which this 
same martensitic transformation can be achieved. This is by 
cold working the steel. Thus, the moment a piece of cold aus¬ 
tenitic manganese steel is abraded, filed, chiselled, or drilled, its 
surface instantaneously becomes martensitic and therefore too 
hard to be worked with any facility. Hence the astonishing 
resistance to wear offered by this material. 

Manganese steel is never annealed, and if wrongly heat- 
treated, will become brittle and virtually incapable of being 
machined. 

From the above explanation, it will be seen why the new 
tungsten-cobalt high-speed steels have made the machining of 
the material possible. They do not simply rub the surface, mak¬ 
ing it harder and harder, and therefore less possible to cut. 
They cut straight through the surface before it has had time to 
work-harden and become martensitic. Hence the importance of 
keeping tool edges sharp, and not allowing them to become blunt 
so that they rub and lead to their own breakdown. 

Cobalt Steels. 

Cobalt steels have been referred to in preceding paragraphs. 
These steels have two principal commercial uses, as high-speed 
cutting steels, and as steels for permanent magnets. Cobalt 
in percentages ranging from 3 to 35 improves the magnetic 
properties of magnet steels. It increases the remanence to some 
extent, but its principal effect is to raise the coercive force, 
giving a much higher B-Hmax figure. The “ remanence ” 
(Brem) is the amount of remanent magnetism left in a piece 
of steel after it has been subjected to a magnetizing force; the 
coercive force (He) is the amount of negative magnetizing 
force required to demagnetize a magnet, i.e. the magnetic force 
needed to remove the remanent magnetism. Cobalt steel is, 
however, expensive, hard, and difficult to forge. For this reason, 
in the cutting steels it is usually alloyed with chromium. 

A few general notes on the structural effect of introducing, 
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alloys into steel may be advantageous at this point. Usually, 
in an alloy steel, the pearlitic structure needs less carbon for its 
formation than do ordinary carbon steels. Secondly, alloys 
change the temperatures at which structural transformations 
occur, which means that alloy steels need different heat-treat¬ 
ments as compared with carbon steels. Lastly, the alloy additions 
delay the structural changes. 

Chromium Steels. 

Chromium steels are used in widely varying industries. The 
percentage of chromium ranges from 0-25 to 30, according to the 
purpose for which the steel is used. Typical uses are razors, 
cutlery, ball bearings; hacksaw blades; chisels; permanent 
magnets; rolls for cold rolling and for crushing stone, &c.; 
wearing parts of ball, tube, and rod mills; and dies. 

Chromium combines freely with iron, but is usually found in 
the commercial steels as a chromium carbide. It can, of course, 
go into solid solution in alpha or gamma iron. The chromium 
does not entirely drive out the iron from the iron carbide, but 
takes up enough carbon to form chromium carbide, and then, 
with the remaining iron carbide, forms a double carbide solid 
solution of great stability and hardness. 

Chromium, in short, stabilizes the carbide in steel, and so 
eliminates the formation and release of carbon during the 
manipulatory and annealing processes. Up to one per cent 
raises the tensile strength of a carbon steel without reducing 
ductility to any marked degree. It increases the ability to with¬ 
stand wear, and particularly that form of wear involving an 
abrasive action as distinct from a hammering action, in which 
respect it is superior even to manganese steel. Even in low per¬ 
centages, chromium gives improved resistance to corrosion. 

Both in cooling and in heating, the effect produced by alloy¬ 
ing steel with chromium is to raise the change-points to higher 
temperatures. If, however, cooling is speeded up, the Ar (cooling- 
change) point is lowered. This means that chromium steels are, 
to some extent, self-hardening. One disadvantage of chromium 
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is that it increases the brittleness of steel by reason of the fact 
that when the steel is heated, the grain size may be consider¬ 
ably increased. If the steel is accidentally overheated, it becomes 
excessively brittle. Hence, simple chromium steels have to be 
carefully and scientifically heat-treated. That is why for so many 
purposes an additional element, such as nickel, molybdenum or 
vanadium, is added to reduce this danger of brittleness due to 
excessive grain growth. 

Nickel Steels. 

Nickel steels are among the most useful of all the alloy steels, 
but are not simple alloys of steel and nickel alone. There Is 
always a percentage of manganese in their composition. The 
reason is that nickel is exactly the opposite of chromium in re¬ 
spect of carbon liberation. It promotes the freeing of carbon from 
the carbide in the form of graphite. Some element must be 
added to stabilize the carbide, and usually about o*6--o*9 per cent 
of manganese or chromium is chosen. 

Nickel has a great effect on the change-points in steel. Fig. i6 



Fig. i6.—Showing effect of 3-5 per cent of 
nickel on the change-points of steel 


shows this effect on a 3J per cent nickel steel. The percentages 
usually added range from 2^ to 5, but there are one or two special 
corrosion-resisting requirements for which as high a percentage 
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as 35 is used. These, however, do not greatly concern us, although 
it is of interest to know that such steels are practically non- 
expansible. Principal uses of ordinary nickel steels are for drop 
forgings, case-hardened parts, and general structural purposes. 

When nickel steel is cooled gradually, its structure is pearlitic. 
In this condition it is capable of various heat-treatments de¬ 
signed to produce specific series of mechanical characteristics. 
It is more readily forged than carbon steel proper, and has 
greater strength without any corresponding loss of ductility. 

An important feature of nickel is that it does not permeate 
the steel very quickly, as chromium does, and therefore the 
crystals or grains do not increase in size with anything like the 
same rapidity. Nickel, in fact, produces steels of fine grain, and 
fine grain is often synonymous with toughness. 

Overheating of a nickel steel is not fraught with consequences 
quite so disastrous as with chromium steels. This does not, of 
course, mean that these steels should be carelessly heat-treated. 

Tungsten Steels. 

Tungsten steels are principally employed for tools. This 
element has the advantage of refining the crystalline structure 
of steel, producing small-sized grains. Tungsten in small 
quantities forms a very stable carbide. When the high-speed 
cutting steels containing from 14 to 22 per cent of the element 
are examined, however, another constituent appears, namely, 
an extremely hard iron tungstide. The commercial tungsten 
steels contain from 0*5 to 22 per cent of the metal. Character¬ 
istic uses are for dies, springs, taps, drawing dies, and all 
forms of machine cutting tools. 

Tungsten raises the temperatures at which structural trans¬ 
formations on heating occur. The cooling changes, however, 
are greatly retarded, so that the tungsten steels are strongly air¬ 
hardening. It takes a much higher temperature to decompose the 
extremely hard martensitic structure than with carbon tool 
steels. It is this that renders tungsten high-speed steel so satis¬ 
factory a cutting steel. When a tool is taking a heavy cut in the 
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machine, great heat is generated at the tool nose. The heat is 
high enough to break down the martensitic structure of a carbon 
steel tool, causing immediate failure to cut, but not that of a 
tungsten high-speed steel tool, which will go on cutting even at 
a red heat. 

Tungsten steels are still used to a minor extent for permanent 
magnets, but have been largely replaced by cobalt, nickel-iron- 
aluminium, and nickel-cobalt-aluminium-iron steels. They 
give their best magnetic properties when fully hardened only, 
and the magnetic values are much lower than those given by 
the more recently discovered alloys. 

The structure of high-speed steel is distinctly intricate. 
Double carbides appear—tungsten carbide, chromium carbide, 
&c., and also iron tungstide. These carbides, however, will 
dissolve each in the other even in the solid condition. Never¬ 
theless, although the solid solution thereby created is a carbide 
of complicated type, its appearance under the microscope is 
structurally simple. It is easy, therefore, to treat this carbide 
as if it were one substance. Another point is that the iron tungs¬ 
tide will form a solid solution with iron. These facts combine 
to simplify the metallography of the high-speed steels. 

We have briefly run through the structural and physical 
characteristics of the simpler and common alloy steels. As 
already indicated, it would be possible to pursue the subject 
indefinitely, ranging through the molybdenum, vanadium, 
nickel-chromium, and other complex alloy steels. This, however, 
would demand a more comprehensive treatise, and would take 
us too far from the essential subject, the structure of steel. 

In the next chapter we will revert, therefore, to structure, 
and examine in greater detail certain aspects of the subject 
hitherto touched on but lightly, namely, crystal formation and 
growth, and the numerous constituents mentioned, e.g. ferrite, 
martensite, &c. 
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CHAPTER X 

Microscopic Structure 

Behaviour of Steel on Cooling. 

In this chapter we are going to study more closely the be¬ 
haviour of steel on cooling as regards changes in its structure. 
This means that we must revert, in imagination, to our etched 
and polished specimen under the microscope. What happens 
when steel begins to solidify? The late Dr. Rosenhain studied 
this subject and considered that the crystallization of a metal 
could be represented by means of a set of children’s building 
bricks, built up to cover a given area but starting from different 
points and building in different directions, as represented in 
figs. 17 to 21. These show in a clear and interesting manner 
the birth of a metal crystalline structure such as iron, and the 
method by which it can be recognized when microscopically 
examined. 

Fig. 17 shows what occurs on the first beginnings of solidi¬ 
fication. The main bulk of the metal is still fluid, but a few 
grains or crystals have become solid and have here and there 
joined up in tiny aggregations. 

In fig. 18, cooling has proceeded, with the result that more 
crystals have formed and attached themselves to the previous 
bands. 

Figs. 19 and 20 represent further stages in the cooling, the 
crystals growing larger until, as represented in fig. 21, the entire 
mass becomes completely solid. In figs. 17 to 20 the structure 
of the solid matter is represented as minute aggregates of true 
cubic form. When the final stage of solidification is reached, 
however, each set of cubical blocks interferes with the others, so 
that if the last bricks are to be made to fit the intervening spaces, 
they must become distorted. These distorted bricks then con¬ 
stitute the lines shown in fig. 21. What it really means is that the 

(F 386) 6 
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last atoms of the metal to freeze cannot possibly be arranged on 
a regular space-lattice, but are distributed at random, as it were. 
The lines in fig. 21 really represent, therefore, non-crystalline or 
irregularly spaced material formed between adjacent crystal grains. 



Fig. 17 




Fig. 19 




Fig. 20 Fig. 21 

Preparation of Specimens for the Microscope. 

We have stated in an earlier chapter that specimens of steel 
have to be specially prepared for examination under the micro¬ 
scope. The attentive reader may have wondered why. Surely 
any piece of steel under the instrument would show its structure 
quite plainly? The answer is that it doesn’t! 

First of all, a microscope specimen must be perfectly flat. 
If there is the slightest convexity or concavity, it will be difficult, 
if not impossible, to focus the entire field properly, and either 
the image will be distorted, or the structure will not be visible in 
its entirety. Secondly, a merely flat (in the non-technical sense) 
specimen will not in itself suffice. It must be so flat that no 
ridges or burrs or inequalities appear, to distort the image. Thus, 
to saw a piece of steel from a bar with a hacksaw will not do.^ 
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The surface will not be even enough. The metallurgist has, 
therefore, to file it first, or for preference, grind it mechanically, 
using a very smooth emery wheel. But even then, the file or 
wheel will leave behind minute excoriations or scratches, quite 
deep enough to show up under the microscope and prevent the 
formation of a clear and accurate image. The next step, there¬ 
fore, is to take out these scratches by rubbing the specimen on 
emery papers, beginning with a coarse and passing by stages to 
the finest grade. The emery paper is placed on a smooth piece 
of glass of fair thickness. 

Even when the finest emery paper has done its work, the 
specimen is still not suitable for microscopical examination. To 
remove every, even the minutest, abrasion, it has to be polished 
on a rotating block covered with a suitable cloth. This cloth is 
damped with water and coated with some fine polishing powder, 
e.g. jewellers’ rouge or powdered alumina. Emerging from this 
last operation, the specimen has a perfect mirror-polish. The 
untrained student, relieved to see the end of his labours, washes 
and dries the specimen and places it under the microscope, 
applies his eye to the eyepiece, and prepares to see the marvels 
of steel structure. 

Etching and Mounting. 

Alas! He sees no structure at all (unless he has somehow 
got hold of one of the exceptions to the rule). He consults his 
tutor, and learns that something more has to be done before the 
steel’s structure becomes visible. Why is this? The prevailing 
theory is that the polishing operation creates a kind of surface 
layer or film which is not of crystalline character. The crystals 
on the surface have, so to speak, flowed together to create a uni¬ 
formly spread out external film. Before the actual crystalline 
structure corresponding to the condition of the metal can be 
seen, this film has to be removed. The quickest and easiest way 
of doing this is by etching, which means eating it away with the 
aid of a suitable acid. Usually 2 per cent nitric acid in alcohol or 
a saturated solution of picric acid in alcohol is used. 
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It must be mentioned here that with pure metals and solid 
solutions, a number of crystals are usually so positioned that 
in respect of their fellows they become electro-positive, and 
are differently attacked by the etching fluid or reagent. The 
effect of this is to cause a slight difference in colour as compared 
with the other crystals, though they may be of identical type. 
Different acids are used to bring out different structures. 

Washing is essential after etching, to remove every drop of 
acid and prevent complete surface discoloration. The specimen 
is then dried with alcohol. Sometimes it is also washed with 
alcohol in order to produce clear marking of the constituents. 

The next stage is to mount the specimen in the most suitable 
way for examination under the microscope, though this is not 
always essential, since some of the elaborate modern photo¬ 
microscopes will take specimens of quite large dimensions. 
Usually, however, the specimen is attached to a small plate or 
strip of ground glass by means of an adhesive substance not too 
rigid in character, e.g. plasticine. 

Microscopic Study of Structure. 

We are now in a position to study the structure microscopi¬ 
cally. (It is assumed that the reader needs no special instruction 
in the use of the microscope.) The first thing observed will be 
a difference in colour between the parts that have been attacked 
by the etching acid and those that have not. The former will 
be dark and non-reflecting, the latter bright and reflecting the 
light they receive. 

If our specimen is of pure iron, it will be found composed of 
a number of crystals of many-sided character, as seen in fig. 4 
(p. 14). This is the typical structure of ferrite. Quite a large 
number of metallic elements, such as manganese, nickel, silicon, 
chromium, can be dissolved in solid alpha iron, forming solid 
solutions. These solutions will show under the microscope 
structures very much like the ferrite. The generic term 
ferrite ’’ is used, therefore, for any solid solution of an alloying 
element in alpha iron. 
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In examining the ferritic structure we observe certain fine 
lines separating the crystals from each other. These are the 
crystal or grain boundaries. These lines are visible because the 
etching reagent has attacked the crystal edges just enough to 
produce a slight darkening of tint. 

If, in place of pure iron, we substitute a specimen of mild 
steel (less than 0*85 per cent C) a different form of structure 
is seen, as in fig. 5 (p. 14). Here certain portions are light and 
obviously akin to the ferritic structure just examined. They 
are, in fact, ferrite. But dotted here and there among these 
lighter crystals are patches of darkly-tinted matter. This darkly- 
tinted stuff has to be magnified still more highly before we can 
see what it is. It is then discovered that it is not one single in¬ 
gredient, but a combination of two (a eutectoid, in fact). It is a 
combination of alternate streaks, layers, films, or, to use the 
metallurgist’s term, lamella, of iron (ferrite) and carbide of iron 
(FesC). This material is technically known as pearlite, because 
under a low-powered microscope it often presents the appearance 
of mother-of-pearl. 

If we take a series of specimens in which the carbon content 
is progressively raised, it will be found that the amount of pearl¬ 
ite steadily increases, the ferrite being correspondingly reduced, 
until we reach the eutectoid of 0*85 per cent carbon, when the 
structure is completely pearlitic, so that pearlite can be regarded 
as a substance containing 0*85 per cent carbon or 1275 
iron carbide. 

We shall next discuss cementite, austenite, martensite, &c., 
from the microscopical point of view. 

Cementite: Pearlite: Austenite. 

When a piece of steel contains more than 0-85 per cent of 
carbon, i.e. when the eutectoid point is passed, a new constituent 
is revealed in its structure by the microscope. This constituent 
is free carbide of iron, or cementite. Unless special etching re¬ 
agents are used, such as a boiling solution of alkaline sodium 
picrate, it is not always po;}sible to distinguish cementite from 
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ferrite. But if the reagent referred to is used, the cementite will 
appear coloured, and the ferrite remain whitish. If a commoner 
reagent, such as nitric acid, is used, the cementite will usually 
be whiter in appearance than the ferrite. Fig. 22 shows cementite 
and pearlite in a photo-micrograph of steel. 

It has already been explained that austenite is a solid solution 
of carbide of iron in gamma iron. It has also been shown that 
when a piece of steel is quenched and then tempered it may go 
through a series of successive changes from austenite, its original 
form, to pearlite. Austenite, whose structure is shown in fig. 23, 
has been fully dealt with earlier. 

Martensite: Troostite: Sorbite. 

Martensite is the first stage in the breakdown of austenite, 
and its structure is shown in fig. 26. The needle-like intersecting 
shapes are quite easily recognized and are characteristic of mar¬ 
tensite. It must be borne in mind, however, that martensite does 
not always appear as a needle-like constituent. Sometimes when 
the specimens are lightly etched with picric acid it appears as 
an apparently structureless ivory-tinted constituent. 

From martensite we pass on to troostite. This constituent 
is readily attacked by etching acids, and turns dark brown or 
black. Fig. 25 shows troostite surrounding areas of ferrite, with 
martensite in between. Troostite contains particles of iron 
carbide which, however, are too small for the microscope to 
reveal. It is formed when the cooling speed is not quick enough 
to produce an entirely martensitic structure, as when small 
pieces of carbon steel are oil-quenched, or in the interiors of 
larger pieces water-quenched. It is really an exceedingly inti¬ 
mate mixture of ferrite and carbide. 

The next constituent is sorbite^ often said to be formed when 
the cooling speed lies between that needed to produce troostite 
and that needed to produce pearlite, but more commonly formed 
by the full tempering of quenched or hardened steel. Its struc¬ 
ture is shown in fig. 24, from which it will be observed that 
it is an intimate mixture of ferrite and carbide in which, how- 




Fig. 24 
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ever, unlike troostite, the carbide particles are readily observed. 

Influence of Annealing. 

One other important feature of the microstructure of steel 
is shown in figs. 27 and 28, which serve to illustrate the influence 
of annealing on the structures of mild and medium carbon steel 
castings. Annealing destroys the cast (or so-called Widmann- 
statten) structure, replacing it by a more rounded and uniform 
structure; in consequence the ductility and toughness are enor¬ 
mously improved. 

Macrography. 

The microscope is not the only weapon the steel manufac¬ 
turer possesses in his struggle to know more and ever more about 
steel and its structure. Valuable as the microscope is, it has one 
serious limitation. It reveals only one small piece or section of 
the steel under examination, and it has to be assumed that the 
whole of the piece is uniform and corresponds in structure to that 
of the specimen etched for microscopical investigation. This 
assumption is not always justified, and if the evidence of struc¬ 
ture provided by the microscope conflicts with the facts as given 
by performance or mechanical test, some further steps must be 
taken to ascertain if the steel really is uniform in structure with 
the microsection taken from it. 

A whole branch of metallurgical inquiry known as macro¬ 
graphy at once presents itself, and must be alluded to in these 
pages. As compared with microscopy, macrography deals with 
the whole mass of the steel, whose structure from this point 
of view is then known as its “ macrostructure ”. Microscopy, 
on the other hand, concentrates on an extremely small section 
of the metal. Macrography will not, therefore, be so precise 
a means of investigation as microscopy, but will enable us to 
decide with some accuracy how far the macrostructure of the 
steel is homogeneous. 

The samples for macroscopic examination have to be polished 
and etched just as with the microscope, but this preliminary work 
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will be less exacting, because it is not or seldom possible to deal 
with a large mass so thoroughly and meticulously as with a small 
microsection. The metal surface is first planed, then ground 
mechanically or hand-filed. Polishing with coarse and fine emery 
cloths follows. No local heating, either during planing, grinding, 
or polishing, should be allowed. The process completed, the 
prepared surface is rubbed with cotton-wool steeped in alcohol, 
for the purpose of eliminating oil, grease, &c. Etching then 
follows. 

The etching reagent usually employed is lo per cent nitric 
acid or a copper reagent, and the period of etching varies with 
the analysis of the steel. After being etched, the surface is washed 
thoroughly with hot water, rubbed with cottonwool, then cleaned 
and dried with benzol. A final light rubbing with No. o emery 
paper is recommended foi the purpose of bringing out the struc¬ 
ture more plainly. 

The surface is then photographed, or, alternatively, coated 
with printer’s ink and, by means of a dry rubbered roller, the 
impression transferred to a sheet of art (shiny-surfaced) paper. 

Sulphur Print. 

Another method is that of the sulphur print. In this, a sheet 
of bromide paper is steeped thoroughly in 5 per cent dilute sul¬ 
phuric acid, and laid on to the polished prepared surface. The 
rubbered roller is employed to squeeze out any air-bubbles. 
The manganese and iron sulphides decompose under the action 
of the acid, and give off hydrogen sulphide. This reacts on 
the silver salt in the bromide paper, and produces a dark brown 
stain of silver sulphide. After having been left in position long 
enough for these chemical reactions to occur, the paper is peeled 
off, washed with water, and fixed in the ordinary solution of 
hypo. Exactly what is then revealed is an impression of the 
regions in which the sulphides lay. 

What the steel maker learns from macro-etching and from 
sulphur prints will be outlined in the next chapter. 
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CHAPTER XI 

Testing of Steel 

Macrography: Testing 

The macrophotograph is primarily designed to reveal the 
structure of an ingot or other large piece of steel, and is specially 
important as a means of indicating the “ flow ” of the metal in 
parts that have been forged or rolled, used, strained, or worked 
in other ways. In addition, this and the sulphur-print method 
are valuable as revealing the manner in which various impurities 
are distributed. Local impurities or segregations are clearly 
shown, and examination of the macrographic structure is a handy 
check on the routine or special analysis of the steel itself. Analysis 
may be satisfactory because the specimen has been taken from 
an area in which no segregated impurities occur, whereas the 
macrophotograph or sulphur print may show marked segrega¬ 
tion at a particular point. Macrography is also useful in con¬ 
nexion with welded or soldered joints, revealing the presence or 
absence of impurities. 

To read a macrophotograph with accuracy is not possible 
without considerable practice. Fig. 29 shows a typical macro¬ 
photograph, and fig. 30 a characteristic sulphur print. 

To determine the structure of steel by microscopy and macro¬ 
graphy does not, however, completely meet the requirements 
of the steel manufacturer and metallurgist. The microscope, as 
we have seen, focuses attention on minute constituents, and by 
its aid a wonderfully interesting science of microstructure and 
its interpretation has sprung up, and has been invaluable. Simi¬ 
larly, macrography concentrates attention on the general struc¬ 
ture of a steel, and reveals hitherto unknown characteristics of 
its structure and composition. 

^ The present chapter contains a simple elementary account of the subject of 
testing. A more elaborate discussion for those wishing to go a little more deeply 
into the subject is given in Chapter XII. 
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Both these methods are based, nevertheless, on the appearance 
of steel. There is a third method by which the inquirer is enabled 
to determine with some accuracy the structure and characteristics 
of a given steel. This method is based on the way steel behaves 
as compared with how it looks, and it covers all that portion 
of metallurgical investigation known as mechanical testing. 

It is important to remember that none of these three methods 
is adequate in itself. Each tells the skilled inquirer a great deal, 
but it does not tell him all. The three together, or a combination 
of at least two, are necessary if a comprehensive and intelligible 
picture of the steel’s structure is desired. One of the greatest 
factors in the advance of modem steels has been, in fact, the’ 
development and perfecting of microscopical and other methods 
of examination. 

The TensileJTest. 

The commonest mechanical test is the tensile test. It is simple 
and readily understandable. If you take a steel rod and pull it, 
holding an end in each hand and exerting your pulls in the 
direction of the rod itself, as you would pull a piece of cotton in 
order to break it, you will—if you possess the strength of a Her¬ 
cules—gradually cause the steel to stretch until, ultimately, it 
breaks. The tougher the steel, the more force will be needed to 
break it. In substance, that is the tensile test, except that for the 
bare hands is substituted a machine, whose pulling power is 
registered exactly, and for the rod a carefully machined test- 
piece, whose dimensions are measured both before and after the 
test. The pull exerted by the machine on the specimen is known 
as the “ stress ”, and when the test-piece finally fractures, the 
maximum load that has been applied to bring this about is care¬ 
fully recorded. But as we also know the cross-sectional area of 
the test-piece, it is possible to calculate how many pounds or 
tons per square inch of load or stress can be withstood by the 
steel before it breaks. The result is called the tensile strength of 
the steel, or, more accurately, the ultimate strength or maximum 
stress of the steel in tons per square inch. When, therefore, a 
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steel is described briefly as 40-ton steel, what is meant is a steel 
capable of withstanding an applied load or stress of 40 tons per 
square inch before it breaks. 

Tensile Strength; Elastic Limit: Yield Point, 

But a pulling or tensile test such as has been described tells 
us rather more about the steel than this. It tells us what is called 
the elastic limit of the steel. One of the peculiarities of steel 
not hitherto described is that it is to a certain degree elastic. In 
other words, if you pull it as you would pull a piece of elastic, 
and do not pull too hard, it will stretch and as soon as the pull 
is removed, spring back to its original length. But if you go on 
by degrees, pulling harder each time, and then letting go, you 
eventually come to a point at which the steel does not spring back, 
but remains stretched. It is definitely and irrevocably longer. 
It has, in metallurgical language, passed its elastic limit. 

The machine in which the tensile test is carried out registers 
the exact load required to produce a permanent set in the steel, 
in tons per square inch. We have thus ascertained from the one 
test both the tensile strength and the elastic limit of the steel. 
But a third property can also be ascertained. This is the property 
of elongation before fracture that the steel possesses and it needs 
some explanation. 

When a steel test-piece is loaded beyond its elastic limit it 
continues to stretch, but if now the load is taken off, it will no 
longer return to its original dimensions, i.e. it will have acquired 
a certain amount of permanent elongation or permanent set. 
If, however, we do not remove but go on increasing the load, we 
find that the lengthening of the test-piece proceeds at a much 
faster pace in relation to the increase of load than was previously 
the case. To express this phenomenon scientifically, we say that 
the strain increases more swiftly than the stress. This goes on 
until a point is reached at which there is sudden very great 
elongation (or increase of strain) produced by a very small addi¬ 
tion to the load. This point of rapid strain increase is known as 
the yield point. 
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This growth of strain in relation to stress is often illustrated 
by a diagram, known as the stress-strain curve (see fig. 31). 
From this it will be seen that from the moment when the elastic 
limit or point of permanent set is reached, the strain increases 
proportionately to the stress until the yield point is reached. 



After the sudden yielding at this point further extension occurs 
and the maximum stress (C) is reached, after which the piece 
stretches until finally it breaks. 

Elongation: Reduction of Area. 

Now having broken the test-piece in the manner described, 
the steel manufacturer wishes to measure this property of 
elongation. The standard two inches of test-piece are taken, 
and measured after fracture. From this measurement it is quite 
easy to work out the percentage of elongation. If the test-piece 
before testing measures 2*0 in. and after fracture measures 2*2 
in., it is obvious that the elongation has amounted to 10 per cent. 

But the test tells us something more. To pull an elastic rod 
until it breaks not only lengthens it, but also makes it thinner, or, 
in other words, reduces the area of a section across it. By 
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measuring the smallest cross-section after breakage and comparing 
this with the original area, it is easy to calculate the reduction of 
area expressed as a percentage. Both elongation percentage and 
reduction of area percentage are useful as a guide to the steel’s 
ductility. 

Fig. 32 shows the effect of heat-treatment on the mechanical 
properties of a nickel-chromium steel for gears, quenched in oil 
at 850° C., and tempered for 40 minutes at the temperatures 
indicated (degrees Centigrade). The figure brings out clearly 
the effect of faulty heat-treatment in the earlier parts of the 
elongation and impact curves (see fig. 32), and other effects can 
also be deduced. 

Fig. 33 shows, for comparison with each other, the load- 
extension curves for a mild steel and for a nickel-chromium steel. 

We now go on to compression, bend, and impact tests. 

Compression Test. 

A form of test of importance to constructional engineers is 
the compression test^ whereby the ability of steel to resist the 
immense compressive force developed by a heavy weight resting 
upon it is ascertained. A New York skyscraper will serve as 
a typical example. The steel framework of this is pressed upon 
by the enormous weight of the structure (such as floors and 
roofs). This compressive force is transferred to the rock on 
which the building is founded. The resistance of the rock exerts 
a counter force, and if the steel were unable to withstand the 
combined action of these two forces, it would be squeezed until 
it collapsed. 

In designing a skyscraper, an engineer must, therefore, have 
some means of knowing what compressive force the steel he 
is going to use for his main framework will stand. For this 
reason tests of compression have been devised, and the tensile 
testing machine can be used for carrying them out, after a 
number of modifications have been made. The difference is, 
of course, that instead of tugging mechanically at the test-piece, 
you exert pressure of a compressive character until the steel 
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“ gives and will not recover. In other words, there is an elastic 
limit and yield point for compressed steel as there is for elongated 
or pulled steel. These values may be used by the engineer, but 
it must be realized that the figures obtained relate to compression 
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and not to tension. The result is, likewise, expressed in tons per 
square inch. One peculiar feature demands attention. It might 
be supposed that the compression-resistance would be equal to 
the resistance to tension. This is not so. The steel will actually 
stand more compression than it will tension, the proportion 
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being between i : and 1:2. Why this is so is a moot point 
and depends on the condition of the steel. Thus, with normalized 
or annealed steels, the yield points in tension and compression 
are not much different, but with cold-worked bright-drawn 
steels, the compression yield point may be considerably below 
the yield point in tension, although the values approach each 
other when the cold-drawn steel is tempered at temperatures 
about 450° C. The reasons for these discrepancies in yield point 
values are still somewhat obscure, but are undoubtedly con¬ 
nected in some way with the common attractions or repulsions 
of the iron and other atoms of which the steel is composed. 

Bend Tests. 

Bend tests are another important type of test for steel. They 
can be divided into two kinds, the simple and the complex. 
The simple bend test is merely a method of determining whether 
a steel is adequately ductile, and consists in actually bending the 
piece by mechanical means to the required degree, without any 
special measurement of the force exerted. In the bend test 
proper, however, the test-piece is of specified dimensions, sup¬ 
ported at the ends, and subjected to a bending force applied to 
the centre, or alternatively bent about a fixed radius. If fracture 
occurs before the given degree of bending has occurred, the 
material has failed to pass the test. It may be enough for the 
user to know that the steel will bend through 90° or 180° without 
fracture. On the other hand, he may desire to know exactly what 
amount of force is required to bend the steel until it breaks, in 
which case the test is continued until fracture occurs, when the 
necessary measurements are made as in the tensile test. 

Impact Test. 

The next test of importance is the impact test, the most popular 
form of which in this country is the Izod. It is sometimes known 
as the notched bar test. An alternative method is the Charpy 
test, used chiefly on the Continent. 

In the hod impact test, the machine consists of a heavy base 
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with two standards bolted on, which support the pivot of a 
pendulum. The pendulum itself swings in ball bearings and 
develops an energy of 120 foot-pounds. The test-piece, having 
a notch of standard size, is held in a vice at the base, with the 
notch facing the pendulum, and the pendulum strikes it with a 
hardened steel knife edge. In breaking under the shock of the 
impact, the test-piece absorbs a certain amount of the energy of 
the pendulum. Measurement of this is obtained by the con¬ 
tinued and diminished swing of the pendulum, which moves an 
idle pointer across a graduated scale. The greater the resistance 
of the steel, the less the continued swing of the pendulum, and, 
therefore, the shorter the distance covered by the pointer. The 
impact figure is obtained in foot-pounds from the distance 
travelled by the pointer. 

This test is used in order to determine the ability of a steel 
to resist shock. This makes it extremely valuable in the testing 
of steels for automobiles and aircraft, where inability to with¬ 
stand a sudden shock might have disastrous results. 

Hardness: Brinell and other Tests. 

One now comes to tests of hardness or resistance to pene¬ 
trative action caused by pressure. It is necessary to point out in 
this connexion that no absolute test of hardness exists, but a 
number of relative tests are employed, the most usual being the 
Brinell ball test. 

The method adopted is to force a small hardened and tem¬ 
pered chromium-steel or tungsten-carbide ball 10 mm. diameter 
under pressure into the steel to be tested. The apparatus is 
operated by oil pressure. The steel for test is placed on a plat¬ 
form raised by a screw until in contact with the ball. Pressure 
is then applied by means of the oil pump. The pressure on the 
specimen is read from the manometer or pressure gauge attached 
to the machine. A controlling device in the form of a balance is 
also fitted. The centre pin of this rests on the balls in the cylin¬ 
ders, which serve as a piston, and carries weights, so that the 
pressure on the ball may be varied according to the hardness of 
F 385 ) 7 
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the material to be tested. When the standard pressure of 3000 
kg. is being exerted, these weights float. 

The valve is left closed for 15 sec. and then released. When 
the pressure relaxes, the test specimen may be withdrawn. 
It is then put under a microscope, the inner lens of which carries 
a millimetre scale divided into tenths. This enables the diameter 
of the ball impression to be accurately measured. 

The Brinell test is, of course, of no use for thin sheet metal, 
nor for thinly case-hardened steels, as the “ give of these 
materials is too great for the size of the impression to have any 
real significance. 

The hardness number is ascertained by measuring the diameter 
of the impression or dent made by the ball, computing the area 
of this dent, and dividing the standard load by this figure. Ob¬ 
viously, the harder the steel, the smaller the dent and, therefore, 
the higher the ultimate Brinell number. 

It has been established that there is a definite relation between 
Brinell hardness and tensile strength, enabling the one to be 
calculated from the other. Table I, p. 129, illustrates this re¬ 
lation clearly. Sometimes a load of less than 3000 kg. is used 
with a ball having a diameter less than 10 mm. The hardness 
values can then only be compared when the ratio of the load 
divided by the square of the diameter of the ball is maintained 
constant. Thus the standard ratio is 30: i (10 mm. ball and 
3000 kg.), so that a ball of i mm. diameter with a load of 30 kg. 
gives standard Brinell hardness values. 

There are numerous other methods of giving a value to hard¬ 
ness, among which may be mentioned the Rockwell, Scleroscope, 
Firth, Vickers Diamond, Herbert Pendulum, Monotron, Duro- 
skope, Durometer, Drop Hardness, and Moh. In Table II, 
p. 130, a conversion table of various hardness numbers is given, 
and this, if referred to, will indicate the relation of the various 
figures to one another. 

Before finally leaving tests, we shall briefly examine now those 
not yet dealt with. 
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Torsion: Shearing: Fatigue. 

Tests for steel are numerous, and the details thus far given 
by no means exhaust the number. There are, for instance, 
torsion tests^ which indicate the ability of the steel to withstand 
twisting stresses; shearing tests^ which ascertain the ability of 
steel to resist a shearing action (as with rivets, specially subject 
to this form of stress); and repeated stress tests, which are really 
fatigue tests. In this last type, the test-piece is made to suffer 
first a pulling stress, then a pushing stress, each repeated alter¬ 
nately in quick succession and for a long spell. It is well known 
that quickly repeated stresses are more likely to set up fatigue 
and eventual fracture than a continuous stress applied in one 
direction or sense only. Conditions here may be likened to the 
simple bending of a piece of steel through, say, a complete circle, 
i.e. 360°, or by repeated bending in alternate directions through 
this angle. In the latter instance, if the bending is repeated 
often enough, fracture eventually takes place. 

An interesting example of quickly repeated stresses causing 
fatigue fracture is the crankshaft of an engine, in which at each 
stroke of the engine the twisting and bending of the shaft alter¬ 
nate with the loads on the piston of the engine. 

Anther example is the axle of a railway wagon, in which the 
stresses change from compression to tension with each revolution 
of the wheel. 

Dilatometric Test. 

Another test, of real importance, is the dilatometric test; it 
indicates the volume changes that take place when steel is heated 
or cooled. 

As we have seen in previous sections, heating or cooling 
steel leads to modifications in the volume of the steel and also 
in its structure. These the test in question measures and records. 
It is necessary to know in advance the particular factor to be 
measured. The coefficient of cubical expansion being known, 
it is possible to discover the variations per unit length and volume, 
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from which in turn the specific gravity and density can be ascer¬ 
tained. These various factors are all related to one another, so 
that it is possible to measure expansion, when temperature is 
the variable, or density, when the analysis of the steel is a 
variable. 

It is the dilatometer that has enabled metallurgists to acquire 
a good deal of their knowledge of the exact change-points of 
steel as regards both time and temperature, and also of the 
actual meaning of these changes. In the ordinary way it is diffi¬ 
cult, if not impossible, to locate with any exactitude the trans¬ 
formation points of steel. Even if a fair approximation is attain¬ 
able at all, it can only be got by reducing the cooling speed of 
the heated steel to a minimum. 

The dilatometer, however, enables the metallurgist to measure 
with exactness changes occurring within very close limits of 
temperature, so that the phenomena accompanying the trans¬ 
formation of structure can be immediately recorded. The record 
takes the form of a curve, such as that shown in fig. 34, due to 
Heselwood, for a 3^ per cent nickel steel. Examining this curve, 
one should note that the dotted line represents the heating curve 
and the unbroken line the cooling curve. The reader will note 
that the steel, stable at room temperatures, increases in volume 
with complete regularity up to 700°. The change-point then 
appears, the steel actually contracts owing to the alpha-gamma 
iron change, but at the temperature of 770° the expansion begins 
again and continues as the temperature is raised further. 

Taking the cooling curve, we observe that reduction in length 
due to contraction is at first quite regular, until the change- 
point at 520° occurs. 

The advantage of the dilatometer is that it enables the steel 
manufacturer to determine with exactitude, from an examina¬ 
tion of the dilatation curves corresponding to the particular 
steels in which he is interested, the precise quenching and tem¬ 
pering temperatures for these steels. He knows the change- 
points exactly, and can so treat his steels as to produce the 
characteristics he requires within their given range. 
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Fig. 34.—Dilatometer curves of a 3J per cent nickel steel 


Mechanical Characteristics of Steel. 

Throughout this book emphasis has been laid on structure, 
and every attempt has been made to indicate the types of struc¬ 
ture and their theoretical significance in regard to steel. But the 
significance of the structure is practical as well as theoretical. 
Every impurity, every variation of carbon or alloy content, every 
differing structural condition brought about by differing forms 
of heat or mechanical treatment, has some effect on the proper¬ 
ties and performance of steel in use. It is necessary, therefore, 
to outline as briefly and simply as possible what these variations 
signify in relation to the mechanical characteristics of steel. 
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Carbon Percentage. 

In ordinary steel, the mechanical properties are chiefly affected 
by modification of the carbon percentage. As soon as carbon is 
introduced into iron the tensile strength begins to rise from 
about 20 tons per square inch up to approximately 6o tons per 
square inch with normalized steels, which figure is attained with 



Fig* 35*—Showing relation between mechanical properties of normalized 
steels and their carbon content 


a carbon percentage of about i*o. If carbon continues to be 
added, the tensile strength does not, as one might imagine, go 
on increasing, but actually declines. What does this mean? 

It has already been shown that 0-85 per cent of carbon is the 
eutectoid or pearlitic condition. 0*85 per cent is near enough 
to 1*0 per cent to make it evident that there is a possible relation 
between the eutectoid point and the tensile strength of the steel. 
Tensile strength, being the resistance of steel to a pulling 
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stress, cannot be consistent with ductility, which is the ability 
of a metal to be hammered or pressed out into shape without 
cracking. Any increase in tensile strength due to the addition of 
carbon will be accompanied by a decrease of ductility. Virtually, 
this means that with increased tensile strength the hardness 
increases. Fig. 35 shows, in graphic form, the relation between 
the mechanical characteristics of normalized steel and the carbon 
content. 

Impurities. 

Turning now to the two principal impurities of steel, one 
may deal first with sulphur, which is seldom allowed to become 
high enough in percentage (above o*io per cent) in steel to 
affect its mechanical properties to any marked degree. (See 
remarks on free-cutting steels, p. 38.) Phosphorus is the most 
harmful impurity in steel. It causes brittleness and for this 
reason is generally kept below 0‘io per cent in acid steel and 
0*05 per cent in basic steel. It has been ascertained that up 
to o-io per cent of phosphorus may actually increase the tensile 
strength of steel to a slight extent, after which the strength 
declines again, but this is no argument for increasing the phos¬ 
phorus content, because the steel is unable to resist sudden 
shocks adequately if the phosphorus content is increased beyond 
the limits stated. 

Heat-Treatment. 

Heat-treatment is the third factor affecting the mechanical 
characteristics of a steel. There are various forms of heat-treat¬ 
ment, and each of these modifies to some extent the mechanical 
properties. A consideration of these effects is therefore essential 
at this point. 

Heat-treatment is divisible into four sections: (a) hardening, 
(i) tempering, (c) annealing, and {d) grain refining (normaliz¬ 
ing). Taking hardening first, with a eutectoid steel (0*85 per 
cent carbon) as the basis, it will be found that hardening or 
quenching from a temperature above the critical point pro- 
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Fig. 36.—^Physical properties of various tempering temperatures of a 
0 34 per cent carbon steel 


duces a martensitic structure, which corresponds to a steel so 
hard as to be capable of scratching glass. Such a steel is, how¬ 
ever, extremely brittle and possesses little ductility. As the 
carbon percentage is lowered, the steel’s hardness,' after being 
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quenched from above the upper critical point, decreases. Again, 
the higher the temperature from which the steel is quenched, 
the larger are the grains formed, and in consequence the greater 
the brittleness of the steel. 

Tempering a hardened carbon steel above 200° C. somewhat 
lowers the yield point and the maximum stress, raises the elonga¬ 
tion and reduction of area percentages, and reduces the hardness. 
By increasing the tempering temperature, a further reduction in 
tensile strength occurs, together with an increase in ductility, 
until at a tempering temperature of above 550° C. the tensile 
strength drops off perceptibly, if sufficient time is allowed, but 
the ductility is not simultaneously improved to any noteworthy 
extent. Fig. 36 shows the physical properties for various temper¬ 
ing temperatures of a 0-34 per cent carbon steel, based on figures 
quoted in Gregory's Metallurgy, 

In practice, tempering temperatures of 600° to 650° C. are 
frequently employed in order to induce maximum toughness and 
ductility. The higher tempering temperature lowers the tensile 
strength, but ensures greater ductility. 

Annealing is a softening process. Its effect, as shown in the 
following table for a 0*4 per cent carbon steel, is to lower the 
tensile strength and increase the ductility. 


Effects of Annealing on a 0-4 per cent Carbon Steel 
(From Gregory's “ Metallurgy ”) 


Condition 

Y.P. 

tons 

M.S. 

tons 

Elong. 

Redn. 
of area 

% 

Brinell 

No. 

Impact 

Ft.-lb. 

Bend i' 
radius 

As cast 

23-7 

43-2 

8 

7 

229 

3 

25" 

broken 

Annealed 
900" C. 

18-0 

37-3 

24 

30 

187 

7 

180" 

unbroken 


Grain refining (normalizing) increases the tensile strength 
of an annealed steel (of equivalent carbon content); yield point 
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is also raised; reduction of area and elongation are slightly re¬ 
duced. Normalized 0*4 per cent C steel has a surface superior 
after machining to that of annealed steel. 

Ageing. 

A phenomenon of importance in many steels is “ (^eing 
This is a spontaneous alteration in the properties of both non- 
ferrous and ferrous materials. It may occur at ordinary temper¬ 
atures, or at a slight degree of heat, either after the last heat- 
treatment operation (usually quenching) has been carried out on 
the steel, or after the last mechanical or manual cold-working 
process. The structural alteration may not be rapid, but increases 
in speed as the temperature rises. This appears to show that 
ageing is an attempt on the part of the steel to return to a previous 
state of structural equilibrium out of which it has been thrown, 
like the slow but steady rise of the depressed end of a just-tipped 
balance. Ageing after quenching is termed quemh-ageing^ ^xiA 
after cold-working, strain-ageing. 

The effects of ageing are various, and may take the form of a 
rise in hardness and strength, a decline in ductility and resistance 
to impact, a rise in coercive force, and the recurrence after cold 
working of a well-marked yield point in the curve derived from 
a tensile test. Carbon steel sheets are particularly liable to age, 
and in many steel mills, are not dispatched to the user until a 
certain period has elapsed, to allow for the ageing effect to be¬ 
come manifest. Otherwise there may be a marked discrepancy 
between the properties of the sheets as dispatched (particularly 
if their journey is a long one) and as received. 

The cause of ageing is not certainly known; but the consensus 
of metallurgical opinion appears to be that it is due to the break¬ 
ing up of a 5Mper-saturated solid solution, leading to slow precipi¬ 
tation of the dissolved particles, possibly of carbon, as carbide 
of iron, or of oxides, nitrides and the other chemical compounds 
that may occur in steel. 

Ageing steels are more readily machinable than those that do 
not age, because they harden to some extent and become some- 
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what brittle when cold worked, and the chips rapidly break off. 
Steels can, of course, be produced that will not age, and these 
are tougher. 


CHAPTER XII 

The Mechanical Testing of Metals 
and Alloys 

Several different methods are employed to determine the 
mechanical properties of metallic materials. These tests are 
purely empirical and do not measure, in most instances, any true 
fundamental property; in consequence, the results can be 
accepted only when obtained under specified conditions. This 
necessity for the rigid adherence to some set of predetermined 
conditions will be evident from what follows. 

The Tensile Test. 

This is perhaps the commonest test applied to metals and is 
often regarded as the most important. Here a specially prepared 
test-piece is stressed by a gradually increasing load applied in 
opposite directions at its ends until it breaks. If, during the test, 
the actual extension corresponding with each increment of load 
is measured and the results plotted, a curve of the type shown 
in fig. 37 may be obtained. Such a “ bad-extension diagram ” ^ 
may afford much useful practical information. The first part 
of the curve, the straight line AB, is known as the “ line of pro¬ 
portionality ”, Within this region the material obeys Hookers 
laWy which states that for perfectly elastic bodies stress is pro¬ 
portional to strain. The point B, which marks the end of the 
proportionality range, is described as the “ elastic limit ” since 
with any lower starting load, the material behaves as if it were 

^ Such diagrams are often, a’beit erroneously, described as stress-strain 
diagrams. 
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truly elastic and recovers its original dimensions when the load 
is removed. From this part of the curve “ Young's Modulus of 
Elasticity " ( 7 ) may be determined. This is defined as the ratio 
of the longitudinal stress to the longitudinal strain. Thus, if a 



test-piece of initial length L and cross-section A is stretched 
elastically an amount ^ by a load P acting along its axis, we have: 

Y _ longitudinal stress _ PJA _ PL 
longitudinal strain eJL Ae' 

If now we imagine a test-piece of unit cross-section and if a force 
P could be applied so that « = L, i.e. the test-piece could be 
stretched to twice its initial length, this value of P would mea¬ 
sure Young^s modulus for the material, of which it is regarded 
as characteristic. In actual practice, of course, it is impossible 
to double the length of the test-piece before it breaks. 

Reverting to fig. 37, it will be seen that when the load is 
increased beyond B proportionality ceases, and the curve bends 
over. If now the load were removed it would be found that the 
test-piece would not completely recover its original dimensions 
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but would have acquired a small, but definite, amount of plastic 
or permanent deformation. Eventually, a point C is reached, 
where a very small increment of load causes a relatively large 
extension, i.e. there is a sudden yielding to the applied load. 
This indicates the “ yield point ” of the material and is a most 
valuable criterion of its tenacity or strength. In lever testing 
machines the yield point is often indicated by a sudden dropping 
of the beam and in hydraulic machines by a stationary position, 
or even by a backward movement, of the needle of the load 
indicator. The yield point has been defined as the lowest load 
at which the piece extends without increase of load. In some 
cases, the load-extension curve may be of a form showing an 
actual drop in the stress when the yield point is reached, at point 
C in fig. 37. 

As the load is increased beyond the yield point the piece 
gradually stretches or creeps until eventually the section will 
bear no greater load. This point is known as the “ maximum 
stress ” or “ ultimate tensile stress Beyond this point the test- 
piece, which previously has remained sensibly parallel, may 
begin to show signs of necking ”, i.e. in some plane the cross- 
section rapidly decreases and a smaller load will cause further 
extension, which is now essentially plastic, and final fracture. 
The load at which the piece actually breaks, known as the 
“ breaking-point ”, has no real significance, and is generally 
ignored on the test-report sheet. 

The elastic limit, yield point and maximum stress serve to 
indicate the tenacity or strength of the material, i.e. its resistance 
to the applied stress. 

It has been shown that, for a given material, the elastic limit 
becomes less as the sensitivity of the extensometer increases, and 
this value is not now included in most specifications. 

The authors hold the view that the yield point is a more impor¬ 
tant criterion than the maximum stress in regard to the tenacity 
or strength of a material. Unfortunately, most non-ferrous alloys 
and, indeed, many high-tensile steels, do not exhibit a definite 
yield point and the load-extension curves are of the type shown in 
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fig. 38. In such cases, in order to provide the engineer with a 
working basis for design, the '^proof-stress** has been evolved. 
This is defined as the load which, applied for not less than 15 
seconds, produces a plastic extension or "permanent set ** of o*i 
per cent (or 0-5 per cent with some alloys) of the original gauge- 
length. Different methods may be used to determine the proof- 
stress. The obvious way is to load and unload the test-piece at 
successive increments until eventually the predetermined per¬ 



manent set is obtained. This method is tedious, however, and 
the required value is more conveniently obtained from an ac¬ 
curately drawn load-extension diagram. The given proof- 
length (o-i or 0*5 per cent of the gauge-length) is measured along 
the extension axis and through this point a line is drawn parallel 
to the line of proportionality; the point P (fig. 38) in which this 
line cuts the load-extension curve gives the required proof-stress 
value, since the difference between the total extension indicated 
by this point and the corresponding point on the theoretical 
elastic line obviously represents the predetermined permanent set. 

By carefully fitting together the two ends of the broken test- 
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piece the final extension over a given gauge-length may be de¬ 
termined and if and L2 (fig. 39) are the first and final dis¬ 
tances between two punchmarb on the test-piece, the “ elonga¬ 
tion per cent ** is evaluated thus: 

Elongation per cent = X 100. 

This value is accepted as a measure of the ductility of the material, 
but the gauge-length must always be specified, the reason being 
that the total extension is the sum of two factors; the general 
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extension which occurs over the whole length of the test-piece, 
and the local extension which is confined to the region in the 
immediate neighbourhood of the break. It can be shown that the 
local extension is a constant for material of a given diameter, as also 
the general extension per unit of gauge-length. Since the latter 
is generally considerably less than the local extension, it will be 
evident that as the gauge-length is increased the calculated value 
for the elongation per cent will decrease. On this account, there¬ 
fore, test-pieces of standard dimensions must be employed. The 
British Standards Institution have standardized test-pieces in 
this country by means of the expression 

L = 4VI, 

where L is the gauge-length and A the cross-sectional area. The 
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commonest B.S. specification for both ferrous and non-ferrous 
alloys specifies a gauge-length of 2 in. and a diameter of 0-564 
in., giving a cross-sectional area of 0-25 sq. in., and it will be 
evident that these dimensions satisfy the above relation. 

The stretching of the test-piece is necessarily accompanied 
by a reduction in the cross-sectional area, and by measuring the 
smallest diameter after fracture the remaining item obtainable 
from the tensile test, viz. the “ reduction of area per cent ”, may 
be calculated thus: 

Reduction of Area per cent 

Initial area — area after fracture 
Initial area 

The reduction of area is a very valuable indication of the duc¬ 
tility and toughness of the material under test. Different 
materials, or even the same material in different conditions, may 
yield almost identical values for the elongation, but the reduction 
of area figures may differ considerably, and it is significant that, 
generally, a good reduction of area can be associated with a rela¬ 
tively high resistance to shock, as measured by the impact test. 

In considering tensile test results it is the combination of the 
various items that is important, and for most engineering pur¬ 
poses a material having relatively high tenacity but satisfactory 
ductility is aimed at. In many instances this desired combination 
may be obtained only by mechanical or thermal treatment, since 
cast alloys, in general, give low values for the elongation and re¬ 
duction of area per cent. 

The shape of a typical test-piece has already been indicated 
in fig. 39, from which it is seen that each end is fitted with a 
shoulder A in order that it may be fixed in the machine. The 
real test-piece is the parallel middle section C between the two 
punchmarks constituting the gauge-length. The connecting 
pieces B between the middle and the shoulders have, as shown, 
an intermediate diameter, and it is most important to avoid any 
abrupt change in section between B and C. This is avoided by 
having a sufficiently large radius between the connecting parts. 
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An abrupt change in section brings about local stress concen¬ 
tration, and this may result in the breakage of a specimen outside 
its gauge-length. British Standard specifications state that if a 
tensile test-piece breaks outside the middle half of its gauge- 
length, the test may be discarded and another test made. 

Some test-pieces have screwed ends for gripping during the 
test. Here also the parts between the ends and the parallel part 
should be well “ radiused In the testing of thin sheet and strip 
this question of radius becomes a matter of paramount impor¬ 
tance. 

The surface finish of a tensile test-piece is important. Within 
its gauge-length the surface must be smooth, and is generally 
finished by means of oo emery paper, or by a smooth abrasive 
wheel. 

The position from which a tensile piece is taken influences 
the test values. This effect is greatest in rolled materials, less 
marked with forgings, and least in castings. 

Hardness Tests. 

Materials are described conventionally as hard or soft, as the 
case may be, but it is exceedingly difficult to define clearly 
either of these terms. The difficulty is that hardness has no 
physical dimensions, and cannot be measured in fundamental 
units. In consequence, hardness is not an additive property, 
neither does it follow the law of equivalence. 

The earliest “ hardness ” scale, devised by Mohr, was based 
on the assumption that a mineral of superior hardness scratches 
another that is less hard. This principle has been utilized to 
determine the relative hardnesses of different metals. 

The engineer often regards hardness as resistance to wear or 
abrasion, and machines have been devised to measure this 
“ abrasive hardness 

A more modern conception of this peculiar property is that of 
resistance to deformation or penetration by an applied load. 
This is known as indentation hardness Unfortunately, 
there may be no relation between the values obtained by these 

(f 386 ) 8 
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different methods. Materiak of similar indentation hardness may 
yield very different abrasive or scratch test values, and a material 
whose indentation or scratch hardness is relatively low may 
resist abrasive action very well indeed, and vice versa. Thus a 
piece of indiarubber is, in reality, extremely soft, but its inden¬ 
tation hardness, measured by the Brinell method, is infinite, 
since it undergoes no permanent deformation. 

Brinell Hardness Testing Machine. 

The hardness of a metal is generally measured by the inden¬ 
tation method. The earliest machine based on this principle was. 

devised by Brinell. An illustration of 
Brinell’s machine, still very widely used, 
is given in fig. 40. A hardened steel 
ball {h\ 10 mm. in diameter, is pressed 
into the surface of the material to be 
tested by the application of a definite 
load. When this load is removed a per¬ 
manent spherical impression remains in 
the prepared surface, and the hardness 
is calculated thus: 

Brinell Number = 

Load (in kilograms) 

Spherical area of the indentation (sq. mm.)* 

The section of the impression (fig. 41) 
is obviously part of a great circle of 
the spherical ball and, therefore, by a 
well-known property of the sphere, 

Fig. 4o.”~Briiieii hardness Area of indentation h 

testing machine Area of ball 5* 

where h is the height, or depth, of the indentation and D is the 
diameter of the ball. 

Thus, since the area of the ball is we obtain the expression: 
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T\2U 

Area of indentation = 

It is more convenient to measure the diameter d of the impres¬ 
sion instead of the depth /?, and from the properties of the circle 
we have (fig. 41) 

= (D - h)h, i.e. h^-Dh + ^^o. 



This is a quadratic equation in whose roots are 

2 

The value obtained by taking the positive sign (+) is that of the 
ball outside the indentation, and, therefore, is rejected. We 
thus obtain the expression: 

Brmell No. (B.N.) =- — -. 

- VZ)2 - d^) 

2 

In carrying out the test the piece is placed on the table a, and by 
means of the hand-wheel c is raised until the prepared surface 
is brought into contact with the hardened ball b. The valve v 
is then closed and oil-pressure applied by means of the hand- 
pump h to the ball and the gauge g, which is graduated in kilo¬ 
grams. The same pressure is also transmitted through an orifice 
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in the cylinder dy and when the inertia of the weight system w 
is overcome the weights rise and float at the requisite pressure. 
If the weight system is kept floating, the pressure remains con¬ 
stant and cannot be exceeded. The maximum load throughout 
the test may be varied by removing weights from either side 
oi w. In the standard machine the pressure may be varied be¬ 
tween 500 and 3000 kg. in increments of 500 kg. 

The specified load should be maintained for not less than 30 
seconds for soft materials. The pressure is then released by 
turning the valve v in an anti-clockwise direction, and the test- 
piece is released by lowering the table c. The diameter of the 



Fig. 42 


impression is measured by means of a low-power microscope 
having a graduated scale in the eyepiece, as indicated in fig. 42. 
In the Brinell machine the diameter of the ball (10 mm.) is fixed, 
but other machines have been devised in which balls of different 
diameters may be used. Thus in the “ Baby Brinell ” machine, 
made by Messrs. Alfred Herbert, Ltd., of Coventry, balls of i, 
2, or 5 mm. diameter may be employed and the load varied 
between 10 and 50 kg. Indiscriminate variation of either the 
load or the ball diameter may greatly influence the Brinell number 
for a given material, owing to the fact that the impressions are 
not then geometrically similar, and the load per unit volume of 
metal displaced is not constant. It is indeed unfortunate that 
Brinell devised his hardness scale by dividing the load by the 
spherical surface area instead of the volume of the indentation, 
since in the latter case the hardness values would have repre¬ 
sented definite “ work of indentation ” and much needless con¬ 
fusion and controversy avoided. Geometrically similar impres- 
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sions may be obtained if the ratio LjD^ is a constant value, L 
being the load and D the diameter of the ball. Thus, identical 
hardness numerals will be obtained on the same material, if 
assuming its constituents are uniformly distributed, by using 
a load of 30 kg. and a i mm. ball, 750 kg. and a 5 mm. ball, or a 
3000 kg. load and a 10 mm. diameter ball. The British Standards 
Association now specify the following ratios: 

LID* 


For iron and steel and other ferrous alloys of similar hardness 30 
For copper alloys: brasses, bronzes, &c. .. .. .. ..10 

For commercially pure copper .5 

For lead and tin alloys .. .i 


Other precautions to be observed in the determination of 
hardness of metals by the indentation method may be sum¬ 
marized as follows: 

(i) The thickness of the specimen should be more than seven 
times the depth of the impression for hard materials and more 
than fifteen times the depth for soft materials such as copper: 
on no account should the effect of the load appear on the reverse 
side of the test-piece. 

(ii) If the impression is not truly circular the greatest and 
least diameters should be measured and the mean value taken 
for the determination of the hardness. Although not absolutely 
accurate, the results are then near enough for all practical pur¬ 
poses. 

(iii) The width of the test-piece should be not less than 2J 
times that of the impression. 

(iv) The surface of the specimen must be flat and smooth: 
with balls of less diameter than 5 mm. the surface should be 
finished with 00 emery paper. 

The indentation hardness of a metal bears some relation to its 
tensile strength, and the latter may be evaluated approximately 
by multiplying the Brinell number by a constant whose value 
depends on the nature of the alloy. In the following table values 
for this multiplying factor (^), for certain important alloys, are 
given. 
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“Bm D' 

Brasses containing less than 30 per cent 

zinc.o*2o/o-30 10 

a -)3 brasses .0-25/o*40 10 

Monel metal .o*2o/o-23 10 

Copper-aluminium alloys containing less 

than 8 per cent of aluminium .. o-2o/o-35 10 

Nickel-rich alloys. o-^ojo-^o 10 

Aluminium-copper alloys containing be¬ 
tween 4 and 14 per cent of copper o* 15/0*22 5 

Magnesium alloys .. .. .. 0*27/0*33 5 

Lead-tin and white-metal bearing alloys o* 17/0*21 5 


In actual practice tables such as that given in the appendix are 
used to convert the diameter of the impression into its corre¬ 
sponding Brinell hardness number. 

Other Indentation-hardness Testing Machines. 

It has been shown that the ordinary Brinell test is subject to 
certain limitations. Thus, with very 
soft materials plastic flow results in 
raising the surface of the material 
under test above its original level, as 
represented in fig. 43. In such a 
Fig. 43 case the measured diameter of the 

impression d' is larger than it should 
be and the indicated hardness less than the actual. In other 
instances, the material under test may be harder than the ball 
used as the indenting tool: the ball 
then becomes flattened and errone¬ 
ous hardness figures result. To 
avoid these effects modern hard¬ 
ness-testing machines employ dia¬ 
mond indentors, which are conical 
or pyramidal in shape. In the case 
of the pyramid we have (fig. 44): 

Surface area of indentation = 
2alj where a is the side of the 
square base, and / the slant height. ^ 



Fig. 44.—Pyramidal diamond 
indentor 







i'lg- 45—Vickers-Armstrong testing machine 


Facing p. 100 
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In practice the diagonal d of the base is more conveniently 
and accurately measured than its side. The following relation¬ 
ships are then utilized: 


2 — ^2 _|_ ^2^ whence a == 


Vz’ 


and 


? = /sin0, i.e. I — 
2 


a 

2 sin^’ 



Fig. 46.—Micrometer ocular attached to Vickers machine 


where 6 is the semi-vertical angle between opposite faces of the 
pyramid. 

Substituting these values we obtain 

Surface area = —, 

2 smd 

and the hardness number (P.H.N.) is then given by the expres¬ 
sion 

dr 

In both the Vickers machine and the Firth “ Hardometer ” a 
diamond pyramid is used as the indentor although, if required, 
hardened steel balls can be used. In the Vickers machine (fig. 45) 
the angle between opposite faces of the pyramid is 136°, a value 
computed from average diameters of ball impressions. The 
Vickers hardness number (V.H.N.) is then given by 
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The diagonal d of the impression is measured by a specially 
designed micrometer ocular (fig. 46). Looking through the eye¬ 
piece the operator brings the left-hand extremity of the diagonal 
coincident with a fixed knife-edge by means of two focusing 
screws. The diagonal of the impression is then measured by 
rotating the knurled head, which operates both a digit counter 
mounted on the side of the ocular and a movable knife-edge 
within the eyepiece. When correctly focused and adjusted 
the image of the impression appears as in fig. 47. 

The ocular reading multiplied by 0-002 gives the length of 
the diagonal in inches, from which the pyramidal surface area 
may be calculated and the hardness 
determined. In practice conversion 
tables are employed to convert the 
ocular readings into corresponding 
^ hardness values (see Appendix). In 

fixed — ^o\/able this instrument the load, which is 

knife edge knife edge controlled by a system of levers, may 

Fig. 47 be varied from i to 50 kg. and, as 

already indicated, the hardness num¬ 
erals are independent of the load. The duration of the test is 
automatically controlled and is operated by a signal device 
working with a pointer on the side of the machine. 

The load employed is determined by the hardness and struc¬ 
ture of the metal under test. With coarse-grained heterogeneous 
materials it is advisable to employ as large a load as possible, and 
a small load for soft metals having small-grained and uniform 
structures. The surface should be polished by means of 00 


emery paper. 

The Vickers machine undoubtedly represents a great develop¬ 
ment in the testing of the hardness of metals by the indentation 
method. The Firth “ Hardometer ” is somewhat similar in 
principle to the Vickers machine, but its construction is simpler, 
and the load of 10, 30 or 120 kg. is applied by the compression 
of calibrated spiral springs, by means of which inertia effects 
are obviated. 
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The relation between Brinell numbers (10 mm. ball and 3000 
kg. load) and Vickers diamond pyramid hardness values is 
shown by the curve in fig. 49 (p. 105). 

In the Rockwell and Avery tests a diamond cone is used as 



Fig. 48.—Avery hardness testing machine 


the indentor, both machines operating on a similar principle. 
The Avery machine is the more recent and of improved design, 
notably in regard to the measuring device. In both instances, 
however, the hardness of the metal under test is indicated by 
the pointer of a depth-measuring gauge which, in reality, 
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measures the difference in depth between two super-imposed 
impressions. It is claimed that this method obviates any error 
due to purely superficial or skin hardness. 

A view of the Avery machine is shown in fig. 48. A diamond 
cone having a vertical angle of 120® and terminating in a spherical 
tip is used. A “ minor ” load of 10 kg. is first applied, indicated 
by the pointer on a small auxiliary dial at a point marked “ set ”. 
The main pointer is then adjusted to zero by rotating the bezel 
of the indicator dial, and an additional load of 140 kg., giving a 
major load of 150 kg., is then applied by pressing a button. 
The 140 kg. load is then released by means of a side lever, and 
the hardness numeral read off on the dial of the instrument. The 
graduations range from 0 to 100,^ corresponding with one com¬ 
plete revolution of the indicator pointer and an actual movement 
of the penetrator of only 0*2 nun. 

In both the Avery and Rockwell machines a hardened steel 
ball in. diameter) may be used instead of the diamond. For 
this reason the dial of either instrument is graduated in two 
scales marked “ B and “ C ” respectively. When the ball is 
used the major load is 100 kg. The whole operation in this test 
occupies about 10 seconds only, so that either machine is ad¬ 
mirably suited to routine testing. Further, since the impression 
is so small as to yield practically no visual mark, finished parts 
may be tested without damage. No special preparation of the 
surface is required beyond removal of oxide. The hardness 
scales of these machines are much less open and, therefore, less 
discriminating, than either of those previously described. 

As might be anticipated, some relation exists between standard 
Brinell and Rockwell ball values and also between Vickers 
diamond and Avery (or Rockwell) “ C ” scale numerals. These 
relations, which must be regarded as approximate only, are indi¬ 
cated in fig. 49. 

Of the other methods for measuring the hardness of metals, 
the only machines that need be mentioned are the Shore 
“ scleroscope ” and the Herbert “ pendulum ” tester. In the 
^With the Rockwell machine the limits for the diamond scale are 20-100. 



THE STRUCTURE OF STEEL 105 

former a diamond-pointed hammer is allowed to fall freely from 
a predetermined height on to the surface of the material to be 
tested; the height of rebound is noted and taken as a measure 



Fig. 49.—Showing relationships between (a) Vickers diamond and Avery “ C ” scale 
values, and (b) Vickers diamond and Brinell ball (lo mm.-3000 kilograms) hardness 
numerals 


of its hardness. The Herbert pendulum consists of a weight 
system, resting on either a steel ball (i mm. dia.) or on a ball¬ 
shaped diamond, which constitutes a compound pendulum. 
The pendulum is placed on the surface to be tested, on which 
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the ball makes an impression, and is then oscillated through a 
small predetermined arc. The time of swing is then taken as a 
measure of the hardness of the material. 

The Impact or Shock Test. 

In this test the energy required to break a test-piece when 
subjected to a sudden blow is measured. This amount of energy 
is regarded as an indication of the toughness of the material. A 
precise definition of toughness cannot be given, but it may be 
considered as the opposite of brittleness and, generally, it follows 
that the greater the hardness and tensile strength the less will 
be the toughness, as measured by the impact test. This must 
be regarded as a general statement only, and there is no propor¬ 
tionality ratio between indentation hardness and impact test 
values on the same material. Indeed, in some instances, there 
may be little difference in the hardness and tensile strengths of 
different pieces treated differently, but the impact values may 
differ considerably. This is often evident in rolled materials 
where test-pieces are cut at different angles from the direction 
of rolling. 

Impact tests are valueless unless the test-piece is fractured 
completely, and not merely bent. To ensure that fracture does 
occur the pieces are notched and, moreover, the sharper the 
notch, the more discriminating does the test become, as exem¬ 
plified by the following results: 

V-shaped Izod Notch Hemispherical Notch (2 mm. dia.) 

Material A 53, 56 ft.-lb. 69, 72, 66 ft.-lb. 

Material B 5, 7 ft.-lb. 30, 27, 25 ft.-lb. 

In considering the results of the impact test, the tensile strength 
of the material must always be taken into account; high impact 
values cannot be expected from high tensile alloys. For a given 
material, the impact values are often more closely connected 
with the reduction of area per cent than with any other property 
and, in general, small-grained structures yield higher values for 
both these items. The fracture is generally trans-crystalline, i.e» 
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across the crystals, although in abnormal cases, where an ex¬ 
tremely brittle constituent exists along the crystal boundaries, 
the fracture may be inter-crystalline, resulting in low impact 
values. 

In this country the impact test is usually carried out in the 
Izod machine, made by Messrs. Avery, Ltd. Details of the 
standard Izod notch are shown in fig. 50 and an illustration of 
the machine is given in fig. 51. It will be seen that the machine 
is essentially a compound swinging pendulum, released from a 
fixed height. The height of the centre of gravity of the pendulum 
above the level of the vice, multiplied by its mass, determines its 
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Fig. 50.—Details of standard Izod notched test piece 


potential energy, and therefore the capacity of the machine. In 
the standard machine the pendulum weighs 60 lb. and the ver¬ 
tical height of fall of its centre of gravity is 2 ft. The lower 
extremity of the pendulum terminates in a hammer fitted with 
a hardened knife-edge which strikes the test-piece at a fixed 
distance above the root of the notch. The latter is made to lie 
in the same horizontal plane as the upper surface of the vice by 
adjusting the wedge-shaped dies by means of the hand-wheel 
(fig. 51, A), into the holes of which a tommy-bar is inserted for 
tightening. The upper part of the pendulum terminates in a 
pointer which actuates an idle or loose pointer. At the beginning 
of a test the pendulum is raised to the necessary height and the 
two pointers are brought into contact. When the pendulum is 
released the idle pointer is moved over into a stationary position 
in the right-hand quadrant, which is graduated to indicate the 
energy absorbed in breaking the test-piece. In actual fact the 
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machine measures the residual energy of the pendulum, but by 
graduating the quadrant backwards the absorbed energy is indi¬ 
cated, since the sum of these quantities is equal to the capacity 
of the machine. 

The energy required to bring about fracture is the sum of 
several factors, the most important being (a) that required to 



Fig. 51.—Izod impact testing machine 


Start a crack in the material, and {b) that required to propagate 
the crack across the whole section. This accounts for the fact, 
previously mentioned, that small-grained structures yield rela¬ 
tively high impact values, since the crack changes direction and 
traverses a longer path than in a similar material consisting of 
larger, but fewer, crystals. Crystal boundaries are stronger than 
the crystals themselves, and thus offer a greater resistance to 
crack propagation. In rolled materials, with the notch cut at right 
angles to the direction of rolling, the crack tends to proceed along 
the elongated crystal boundaries and drawn-out particles of non- 



THE STRUCTURE OF STEEL 


109 


metallic matter. This involves successive crack regeneration, 
and the crack traverses a longer path (fig. 52(a)). The absorbed 
energy is then greater than when the notch is cut parallel to the 
direction of rolling, since in this instance the crystal boundaries 
or inclusions of foreign matter may form a more or less straight 
path for the crack, as indicated in fig. 52(6). Where possible, 
therefore, test-pieces should be cut at right angles to each other. 
Further, it is recommended that at least 
three tests should be carried out, and the 
average result taken, on each piece cut in a 
certain direction. For this purpose test- 
pieces are prepared in lengths having three 
notches, as indicated in fig. 50, so arranged 
that the second notch is at right angles to 
the first and last, which are on opposite 
sides. 

A word of warning may be issued here. 

Defective materials possessing “ piped or 
hollow centres may yield very high impact 
values, which is perhaps not surprising in 52.—Mcating 
view of the explanations already given, of roiling on path of 
This emphasizes the necessity of a close 
examination of impact test-piece fractures 
before the results are accepted. 

Exactly what the impact test leveals cannot be satisfactorily 
explained, but there is no doubt that, in some instances, it does 
serve to discriminate between satisfactory and unsatisfactory 
material in a manner not indicated by other mechanical tests. 
Metals usually regarded as ductile may, when subjected to the 
notched-bar test, behave as brittle materials. Thus lead, one of 
the most ductile of all metals, is apparently a brittle material 
when notched and subjected to a sudden blow. The only com- 
clusion that can be reached is that ductility, in the usual sense, 
has no time to act when the material is subjected to sudden shock. 
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Magnetic Crack Detectors. 

Steel bars, especially those designed for use in making costly 
tools, forgings and drop-stampings, must be free from cracks. 
Visual examination is not always effective, and ringing tests may 
be either inexpedient (if the steel is hard and brittle) or unsatis¬ 
factory, since the crack may be too minute to affect the tone of 
the metal. In consequence, metallurgists have long sought some 
device that would enable ferrous materials to be quickly and 



Fig. 56.—Johnson-Fel Crack Detector 
Ring jig for gudgeon pins, gear wheels, or any article that will slide 
over I in. diameter bar 


efficiently examined for cracks and other surface defects. Mag¬ 
netic crack detectors have now been developed. These have 
proved highly suitable for the purpose. 

The principle on which they operate is as follows. The steel 
to be tested is first cleaned, all dirt and grease being removed. 
It is then laid across the arms of the machine, which are adjust¬ 
able so as to take parts of widely different shape and size. An 
electric magnetizing current is then passed through it. This 
done, the steel or steel part is removed and sprinkled with a 
special powder or solution supplied for use with the machine. 
The excess of this is blown away or shaken off, and the defects 
are at once revealed, as shown in figs. 53, 54, 55. 






material, and whilst they are usually 
shallow, often form the nucleus of 
further cracking in service. In the 
ordinary way grinding cracks are 
not visible on a ground surface, and 
require etching with acid to be 
made visible. Here the magnetic 
crack detector shows an undoubted 
superiority, being more rapid and 
not affecting the sample in any way. 


Fig 55 -—Crankshaft with Cracks on 
the Bearings 
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The advantages of this method are: (i) the machine is readily 
portable and can be connected to the nearest suitable a.c. or d.c. 
electric supply; (2) the test is non-destructive, and therefore 
extremely valuable for testing finished products; (3) the surface 
is not marked in any way by the test; (4) defects too fine to be 
detected by visual examination are clearly revealed; (5) many 
parts can be tested in a semi-finished condition and those defec¬ 
tive rejected, thus saving the expense of finishing; (6) supplies 
of raw material can be tested for surface cracks, or, if a machined 
or ground disc section or slice is taken, for interna! soundness. 

Although the best results are obtained from a machined or 
ground surface, scaled parts, such as those that have been heat- 
treated, can be locally cleaned at a suspected defect and tested 
in the magnetic way. 

Figs. 56, 57, 58 show a standard Johnson-Fel machine for 
magnetic crack detection made by Fel-Electric, Ltd., Sheffield. 


CHAPTER XIII 

Corrosion: Stainless Steel 


Rust. 

One of the earliest things we learn about iron and steel is that 
they rust. “ Rusty ” iron is a familiar material, and we must 
now consider why rusting takes place. It is actually a form of 
corrosion, and the rust itself is a hydrated oxide of iron, i.e. iron 
oxide containing a certain amount of combined water. 

It might at first be thought that rusting would most readily 
take place on those parts in direct contact with oxygen and water 
or water vapour. It can be shown, however, that oxidation 
(rusting) may take place more readily at points least accessible 
to oxygen. To account for this we must know something of 
the modern electro-chemical theory. 

(F 385) 
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Electro-chemical Action. 

On the basis of this theory corrosion or rusting is both an 
electrical and a chemical process. It is connected with the 
phenomenon known as electrolysis. When certain substances, 
e.g. acids and salts, are dissolved in water, the molecules of 
which they were originally composed are split up, partly at any 
rate, into negatively and positively charged particles known 
as ions. Because these ions are electrically charged the solution 
will conduct electricity, so that the solution is called an electro¬ 
lyte. Now suppose we pass an electric current through the' 
electrolyte solution. This marshals the ions into two groups, as 
it were; the negatively charged ions are driven towards the 
positive pole (or anode) and the positively charged ions towards 
the negative pole (or cathode). The anode is the plate or point 
at which the electric current enters the solution, and the cathode 
is the plate or point at which it leaves the solution. When the 
ions reach the corresponding poles they are neutralized; they 
are no longer charged with electricity, and those at the cathode 
are liberated or set free as elements. If the element is a gas, 
it comes away as such; if a metal, it is deposited on the cathode. 
Thus if we start with a solution of very dilute sulphuric acid 
where we have hydrogen and sulphate ions in the solution, it is 
found that the hydrogen ions go to the cathode, where they are 
neutralized and converted into hydrogen gas molecules. Mean¬ 
while the sulphate ions go to the anode, are neutralized, and then 
form oxygen gas molecules, sulphuric acid being re-formed at 
the same time. The net effect of the passage of the current is 
therefore to bring about the chemical decomposition of water. 

Suppose we started, instead, with a solution of copper sulphate, 
and both our anode and cathode were made of copper metal. 
In the solution this time there are copper ions and sulphate ions. 
When the copper ions reach the cathode they are neutralized, 
and copper is then deposited on the cathode. In the meantime 
the sulphate ions reach the anode, are neutralized, as before, but 
then dissolve copper from the anode to form copper sulphate; 
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The net effect this time is therefore to transfer some of the 
copper from the anode to the cathode, i.e. the anode is dissolved 
and the cathode thickened up. This principle is applied in 
practical electro-plating where the articles to be plated, spoons, 
forks, &c., are made the cathodes. 

Since, as we have just seen, the passage of a small electric 
current through an electrolyte solution is accompanied by 
chemical action, it is natural to assume that the reverse process 
will take place, and indeed it does, i.e. when chemical action 
takes place in an electric solution, it is accompanied by the de¬ 
velopment of an electric current. Thus, if we place a rod of zinc 
and a rod of copper in a solution of copper sulphate, and join up 
the ends of the two rods to a voltmeter, the reading on the latter 
at once shows that a current of electricity is passing round the 
circuit. Actually what happens is this. The copper ions, as 
before, go to the copper rod, are neutralized there and deposited 
on the copper. The sulphate ions travel to the zinc rod, are 
neutralized, and then dissolve some of the zinc to form zinc 
sulphate. Copper is thus deposited and zinc dissolved or, in 
other words, the zinc becomes anodic to the copper rod, and the 
latter becomes cathodic to the zinc rod. 

Rust: Iron and Steel. 

We may have a state of affairs similar to this when iron and 
steel rust, where the electrolyte consists of water containing 
dissolved salts, or of condensed moisture which always contains 
carbon dioxide (carbonic acid gas), and, in industrial districts, 
the condensed water-vapour may contain sulphurous acid gases 
dissolved from the atmosphere. Most air at the seaside also 
contains particles of salt. In contact with impure water or con¬ 
densed water-vapour some crystals of iron and steel become 
anodic to others, and are therefore corroded away. Impurities 
will behave in the same way, and we therefore have an explana¬ 
tion why “ pitting ” so frequently accompanies corrosion. 

Pores or cracks in the surface may induce corrosion because 
the material at the bottom of these depressions or flaws becomes 
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anodic, and the cracks or cavities are consequently enlarged. 
For these reasons as smooth and well-polished a surface as possible 
is essential if a metal is to exhibit its greatest resistance to attack 
by corrosive influence. 

Further, it should now be clear why a material whose structure 
is uniform resists corrosion better than one having a non-uniform 
structure. The fact that pure iron resists corrosion and rusting 
much better than a mild or medium carbon annealed steel is 
well known, and a hardened carbon steel does not rust so readily 
as when the same steel has been annealed, because its structure 
is more uniform. 

Film of Oxide. 

We have mentioned that rust, which is a product of corrosion, 
is a hydrated oxide of iron. This means that as the iron dissolves, 
it is converted into this form by the atmospheric oxygen -dis¬ 
solved in the water with which the iron or steel is in contact. 
At first the oxide coating is more or less uniformly distributed 
over the surface of the steel, but as it thickens up, it falls away 
and exposes a fresh surface for attack. Even if it does not fall 
off, however, the porosity of the oxide is such that it readily 
allows oxygen to pass through it, and the electro-chemical attack 
to continue. This is really the crux of the problem. If we could 
obtain a thin uniform coating of the oxide on the surface, which 
would not allow the substances in the corroding medium to pass 
through it, a natural protection from further attack would be 
obtained, if the coating or film did not dissolve in the medium 
with which it was in contact. The remarkable natural resistance 
of aluminium to atmospheric corrosion is due to an exceedingly 
thin, but very tenacious, film of oxide on its surface. Un¬ 
fortunately, where iron and ordinary steels are concerned, the 
iron oxide film first formed is neither tenacious nor impermeable, 
so that it does not afford any protection to the underlying metal. 

Passive Film. 

The ground is now cleared for a more detailed examination 
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of corrosion and its phenomena. As has been seen, the con¬ 
ditions leading to the incidence of corrosion (damp or moisture, 
presence of corrosive substances, chemical composition, heat- 
treatment, deformation due to mechanical work) create an 
oxide film of slight thickness which covers the metallic surface 
completely. Research has proved that the extent to which cor¬ 
rosion proceeds or is arrested depends to a large extent on the 
character of the oxide film itself. This is an important point, as 
will be seen. 

If the corrosion-producing conditions are such that the oxide 
film is not allowed to form, or if, as a result of the type of acid 
attack to which the steel is subjected, the film is dissolved imme¬ 
diately, there will be no protection afforded to the steel, which 
will immediately become the prey of swift and general corrosion. 

Again, if the oxide film, by reason of its gradual permeation 
by metal ions, increases by degrees in thickness, the corrosive 
attack will be less rapid, but none the less general. 

Thirdly, it may happen that although the film itself is intact, 
detached particles of corrosion products or of extraneous material 
alight upon it. These may cause a slight amount of local cor¬ 
rosion. 

Sometimes the film will have suffered physical or local modi¬ 
fications which will give rise to the creation of oxygen concen¬ 
tration cells. This is enough to set up strong local corrosion. 

Wherever the film has been eaten into by corrosive or erosive 
substances, whether fluid or solid, metal-ion concentration cells 
will be formed, and strong corrosion will ensue. 

Finally, if certain chemical modifications render the film 
looser, so that it does not adhere as it should, there is more 
than a likelihood of a heightened corrosive attack, both local 
and general. 

It is thus plain that the first essential as a preventive of cor¬ 
rosion is a protective oxide film that will not readily go into 
solution, will completely isolate the surface concerned from 
corrosive attack, and will not easily become loose or detached 
from the body of the metal. Such a film is termed “ passive 
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Chromium and Resistance to Corrosion. 

One remarkable fact is that the metal chromium is highly 
resistant to the corrosive attack of nitric acid. But before 
we discuss the chromium non-corrosive steels, let us consider 
this matter of passive films more closely. It is a singular phe¬ 
nomenon that if a piece of iron is steeped in concentrated nitric 
acid, or in certain acids containing chromium (e.g. chromic 
acid), it is not very greatly corroded, and if afterwards plunged 
into a different acid or other highly corrosive liquid that would 
normally have a strong corrosive effect upon it, is found still to 
retain this relative immunity. The cause of this is that nitric 
acid is particularly favourable to the formation of a protective 
passive film, so that such degree of attack as it produces is, in a 
way, beneficial by virtue of the fact that corrosion by stronger 
reagents is minimized. If chromium, which is even more resis¬ 
tant to corrosion by nitric acid than iron, is alloyed with the iron, 
it is not to be wondered at that the resultant metal is very resistant 
indeed to nitric acid attack, a highly passive film being formed. 

But the corrosion-resistance of iron-chromium alloys is not 
so simply explained as all that. When chromium, iron and 
carbon combine to make up an alloy of metallic type, a complex 
carbide is formed, in which the ferritic portion remains un¬ 
changed (so long as the steel is not hardened). In such alloys 
the chromium content is usually low. But steels of this type are 
not specially corrosion-resistant because the unmodified ferrite 
can readily be attacked by corrosive agencies. 

It is only when the chromium percentage is raised to above 
11*0 that structural modifications occur and render the steel 
resistant. This raising of the chromium percentage results in 
a surplus of chromium over and above what is required to form 
the double carbide of a low-chromium steel. The surplus chro¬ 
mium lies in solid solution in the iron and helps to form a chrome¬ 
bearing ferrite, the whole making an alloy offering high resistance 
to corrosion. 

A most important point to remember is that if the carbon* 
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content of the alloy is increased, the chromium content must 
be correspondingly increased, or the resistance to acid attack 
will not be adequate. 

Stainless Steel. 

The happy idea of alloying iron and steel with chromium 
in an endeavour to produce alloys highly resistant to corrosive 
conditions was a natural consequence of such observations and 
conclusions, and has led to the production of the wide range 
of stainless steels that have done so much to brighten our 
civilization. 

A stainless steel must have as a minimum 13-14 per cent of 
chromium to give it perfect freedom from corrosion, but nitric 
acid, ordinary attack by air and moisture, and organic acids 
of many types can be made harmless to a chromium-zVow alloy 
if the carbon percentage is low enough to call for a lower per¬ 
centage of chromium. If the carbon content is small enough, in 
fact, the entire chromium content goes into solid solution in the 
iron, forming a homogeneous alloy. This homogeneity will 
persist even when the metal has been normalized, and in many 
instances nothing more is necessary to make the alloy corrosion- 
resistant enough for its work. 

A stainless steel, however, after subjection to annealing or 
normalizing, is not structurally homogeneous but heterogeneous, 
and to put it into the requisite homogeneous state it must be 
hardened. Hardening brings about uniformity of structure and 
simultaneously the greatest possible resistance to corrosion. 

Stainless steel was discovered by Mr. Harry Brearley in 1913. 
The first stainless steels, mainly used for cutlery, contained 
from 13 to 14 per cent of chromium. Later it was found that, 
conversely, by reducing the carbon the chromium percentage 
could also be reduced, and a range of stainless irons produced 
of malleable character, which would withstand the attack of 
many acids and ordinary atmospheric conditions. 

The later development of the stainless steels and irons has 
been on the lines of the modification of their composition, 
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by the introduction of nickel, silicon, molybdenum, titanium, 
tungsten, niobium (columbium), &c. In the main, however, 
there are two distinct classes of stainless steel: the straight 
13-14 per cent chromium steels referred to above, and those 
containing large amounts of both nickel and chromium, such 
as the well-known “ 18-8 ” type. A straight chromium stainless 
steel of the cutlery type must be hardened by reheating to about 
950° C. and quenching in oil, before it exhibits its greatest 
resistance to corrosion. In the hardened state its structure con¬ 
sists of martensite, its Brinell number is between 650 and 700, 
and the steel is magnetic. 

The structures of the high-chromium high-nickel stainless 
steels, e.g. “ 18-8 ”, are essentially austenitic. They are, indeed, 
in the best condition to withstand attack if exposed to corrosive 
influence when their structures consist entirely of austenite 
crystals. This desired structure is obtained by heating the steel 
to about 1100° C., followed by quenching in oil or, with thin 
sections, by cooling in air. When thus treated the steel is non¬ 
magnetic and soft, but, unlike the straight chromium steels, 
offers its best resistance to corrosion when in this soft state. 

Weld Decay. 

Even with a good polished surface and correct chemical com¬ 
position “ straight ” chromium stainless steel must be properly 
heat-treated to secure the best corrosion resistance. With stainless 
steel of the cutlery type this resistance is lowered considerably by 
tempering, after hardening, at temperatures between 500° and 
600° C. This has proved a real problem in brazing knife-blades 
on to metal handles. In service, the blades begin to show signs 
of corrosion about an inch or so from the bolster where, during 
the brazing, the temperature is within the above range. Aus¬ 
tenitic stainless steel of the “ 18-8 ” type, and similar types, is 
particularly prone to intercrystalline attack by corrosive liquids 
after being reheated within the range of temperature, 600° to 
900° C. This kind of corrosion is often described as “ weld- 
decay because it was first observed in welded articles. Actually 
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it has nothing to do with welding and its occurrence in welded 
structures is merely incidental, due to the fact that the steel, at 
some distance from the welded joint, becomes heated within 
the 6 oo°- 900° C. range of temperature. Some years ago the 
position was so serious that the Air Ministry instituted a stan¬ 
dard corrosion test, to which all austenitic stainless steel used 
in aircraft construction must be subjected. The test is carried 
out by boiling flat test-pieces of the steel for a period of 72 hours 
in a solution of copper sulphate and sulphuric acid. At the end 
of this time the pieces are taken out, washed and cleaned, then 
bent through an angle of 180°. If cracks develop during the 
bending the material is unsatisfactory. 

‘‘ Weld-decay ” is attributed to the deposition of the complex 
chromium carbide from the austenite, and thus would be ex¬ 
pected to be worse the higher the carbon content of the steel. 
For this reason, in the manufacture of the steel every effort 
is made to keep the carbon content as low as possible. The 
susceptibility to weld-decay is also lessened considerably by 
increasing both the chromium and nickel percentages and, now¬ 
adays, “ 18-8 ” is more often “ 19-9 ”. 

To prevent this kind of corrosion entirely, the steel should 
be heated to about 1100° C., then cooled in air, preferably by 
an air-blast. With welded structures this is not always possible, 
and in these instances we have to rely on modified chemical 
compositions and the addition of other elements. Silicon, tung¬ 
sten, copper, titanium, or niobium (columbium) are added to 
austenitic stainless steels solely to reduce to an absolute minimum 
the susceptibilty to weld-decay, and therefore obviate the necessity 
for a final heat-treatment after welding. It will be seen that this 
problem, a very serious one in the past, can be quite easily solved. 

If a steel subjected to fluctuating or alternating stresses is 
placed within the influence of any corrosive agency, the corrosive 
attack will develop most effectively in the area of localized stress, 
and after a certain time, will set up there conditions favourable 
to the formation of a fatigue crack. This, once it has begun, will 
rapidly spread. Such a condition is termed corrosion fatigue. Its 
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effect is to lessen greatly the fatigue strength, or ability to with¬ 
stand repeated stresses, of the steel, and for this reason it is 
vitally important, wherever stressed parts or members are in¬ 
volved, to protect the steel against it, either by some form of 
protective coating, by rolling the surface to “ iron out ” the 
roughnesses and incisions favourable to corrosion-crack forma¬ 
tion, or by chemical inhibition, which means that chemicals are 
introduced into the corrosive medium to inhibit its injurious 
action, either completely or in part. 

This trouble must not be confused with caustic embrittlement. 
This is a defect occurring principally in steel pressure vessels,’ 
where the metal is subjected to high and continuous stresses in 
the presence of a strong alkaline solution. The result is the 
formation of intercrystalline cracks, and this appears to be due to 
chemical action resulting in the production and absorption of 
hydrogen by the crystals of which the steel is composed. 

Caustic embrittlement may be likened to pickling brittleness^ 
i.e. lack of ductility of steel inunediately after being pickled or 
cleaned in acid. In both cases, the embrittlement is due to 
absorption of hydrogen. 

Work-hardening. 

One other phenomenon must be discussed, i.e. the pheno¬ 
menon known as “ work-hardening since it is of particular 
importance in connexion with the austenitic nickel-chromium 
corrosion-resisting steels such as “ i8-8 By work-hardening 
we mean the increase in hardness that occurs when a piece 
of the steel in the cold condition is subjected to any degree of 
deformation such as is involved in the operations of hammer¬ 
ing, drilling, pressing, rolling, &c. This increase in hardness 
by cold-working is responsible for some of the difficulties and 
troubles encountered in the manipulation of austenitic steels 
generally and, in particular, of manganese steel. 

A simple explanation of the process of work-hardening is 
difficult, but we hope the following attempt to explain what 
happens will be understood by the reader. When a certain stress,* 
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less than the so-called “ elastic limit ”, is applied to steel at 
normal temperatures it behaves as a perfectly elastic material 
and returns to its original form and size when the stress is taken 
away. If stressed beyond the elastic limit, the steel does not 
return to its original dimensions but acquires a definite amount 
of permanent deformation or “ permanent set To illustrate 
this consider two strips of thin spring steel, one of which has 
been properly hardened and tempered, the other being in the 
soft state. Now bend them by means of the hands through the 
same angle. The treated strip will spring back when the force 
exerted by the hands is released, but the other strip remains bent, 
i.e. it has been permanently or plastically deformed. During 
plastic deformation the crystals of which the steel is composed 
are distorted, but it is not a case of mere pulling-out but rather 
a process of slipping along the crystal planes of the crystals. 
Imagine a pile of books sliding over each other when pushed 
from one side. That is how plastic deformation in steel crystals 
takes place. But how are we to account for the increased hardness 
that accompanies this plastic deformation? During the slipping 
process atoms in the crystal planes are removed from their 
normal positions. To do this energy must be expended, and 
in a plastically deformed material this energy is stored up. The 
consequence is that the potential energy of a steel deformed 
in the cold state is greater than that of the soft unworked material. 
In one way it is like raising a weight to different heights and 
then allowing it to fall to the ground. When the weight is dis¬ 
lodged from the greatest height, the impression, or dent, formed 
in the ground will be deepest. The apparent hardness of the 
weight thus depends on the height from which it is dropped, 
i.e. on its potential energy, or energy of position. In a similar 
way the potential energy and hardness of a cold-deformed steel 
are proportional to the degree to which it has been deformed 
or cold-worked: the greater the amount of cold-deformation 
the harder becomes the steel. Eventually, slip along the crystal 
planes can no longer occur and if further deformation is 
attempted, the material fractures. To avoid breakage in this 
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way the steel is softened by reheating and cooling from the 
proper temperature. This gives it its normal structure and 
further deformation can then be applied without- the risk of 
breakage. With most steels a slow cooling from the softening 
temperature is essential, but with stainless steel of the “ i8-8 ” 
type the best results are obtained by rapid cooling, by means 
of air-blast or even by quenching in water. Austenitic stainless 
steel of the “ i8-8 ” type rapidly work-hardens and frequent 
softenings are required before it can be reduced by cold-work 
to the necessary size and shape. 

From what has been said it should be evident that a cold- 
worked metal such as steel is stronger, and more resistant to 
deformation, than the unworked material. It should be re¬ 
membered, however, that cold-work may adversely influence 
the corrosion-resistance of the austenitic nickel-chromium steels. 


CHAPTER XIV 

X-Rays 

Electromagnetic Radiations. 

Within recent years X-rays have been employed in metal¬ 
lurgy for two distinct purposes: (a) for the investigation of 
the arrangement of atoms in a piece of metal, i.e. for the deter¬ 
mination of its atomic structure, and (^) for the detection of 
internal flaws such as blowholes, segregates, internal cracks, &c. 
The X-ray has been described as the “ all-seeing eye ” of science 
by which the inner structures of substances may be observed. 

These remarkable rays were discovered as long ago as 1895 
by Professor Rontgen, and appropriately enough, are some¬ 
times known as Rontgen rays. X-rays are now known to be 
a form of radiation similar in character to radiant heat, light, 
wireless and other electromagnetic rays or waves. In these 
days of wireless transmission and reception it is not too much 



THE STRUCTURE OF STEEL 


123 


to expect readers to be familiar with the terms “ frequency ’’ 
and “ wave-length ”, but their exact meanings may not, perhaps, 
be fully understood. Let us consider an alternating current such 
as that usually supplied for lighting and heating. As represented 
in fig. 59, the voltage of the current undergoes a periodic varia¬ 
tion with time, i.e. the voltage passes through zero, rises to a 
positive maximum, decreases again to zero, then rises to a negative 
maximum and finally decreases to zero once more, the sequence 
of changes then being repeated. The distance between A and E 



is known as a complete cycle or wave-length, and the number of 
times this cycle is repeated in one second is known as the fre¬ 
quency of the current. For ordinary lighting current this fre¬ 
quency is about 50 cycles per second. Now radiant heat and 
light consist of electrical waves of a similar kind, but their wave¬ 
lengths are much smaller. The essential difference between 
heat and light rays or waves is, in turn, simply a difference of 
wave-length: heat waves are longer than light waves and have a 
much greater penetrating power. Again, the different colours 
of the rays of the visible spectrum, which together constitute 
ordinary white light, are due to a difference in wave-length. 
Thus the wave-length of red light is longer than that of violet 
light, and the wave-lengths of the other coloured rays of the 
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visible spectrum, viz. orange, yellow, green, and blue, are inter¬ 
mediate between those for the red and violet. 

Infra-red rays, which are invisible to the naked eye, have a 
longer wave-length than red rays and included among them 
we have the heat rays. Rays of still longer wave-length are 
the electromagnetic rays used in wireless transmission and 
here, as most readers will be aware, the range of wave-lengths 
varies from a few hundred feet to several miles. In passing, 
it is of interest to note that in the modern high-frequency fur¬ 
naces for the melting of steel and other alloys, current having 
a wave-length of the same order as that of wireless waves is used. 

X-Rays: their Diffraction. 

Beyond the violet we have the invisible “ ultra-violet ” waves 
or rays of much shorter wave-length. Following upon these we 
come to the X-ray range consisting of waves of still shorter 
wave-length. X-rays are therefore electromagnetic waves of 
exceedingly short wave-length. Actually, their wave-lengths 
are of the order of lo"® centimetre, i.e. a tenth of a millionth 
of a millimetre, and, although invisible, they possess some of 
the properties of visible light. Thus they can be reflected, re¬ 
fracted or diffracted. In connexion with diffraction the first 
difficulty that arose was in obtaining a suitable diffraction grating. 
For ordinary visible light experiments, the diffraction grating 
consists of a series of fine parallel and equidistant lines ruled on 
a smooth polished surface of glass or metal so that the distance 
between each line is of the same order of magnitude as that of 
the wave-length to be measured. Even with the visible light rays 
this needs several thousands of lines to each centimetre, so that 
with X-rays of much smaller wave-length the use of a diffraction 
grating seemed to be entirely out of the question. Von Laue in 
1912, however, conceived the happy thought of using crystals, 
in which the molecules or atoms were regularly spaced, as dif¬ 
fraction gratings, since he had previously come to the conclusion 
that the distances between their molecules were of about the 
same order as the wave-lengths of X-rays. Von Laue thus tri^d 
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the experiment of passing a beam of X-rays through a thin 
crystal plate and allowing the diffracted rays which passed 
through to strike a photographic plate, which was then developed 
and fixed in the usual manner. 

Laue Pictures: the Bragg Law. 

The Laue pictures thus obtained showed a regular and sym¬ 
metrical arrangement of dots, and from these the exact wave¬ 
length of the X-ray could be obtained by mathematical calcu¬ 



lation. Once the exact wave-length of the X-ray beam was 
known, it became a natural consequence to use the X-ray to 
determine the spacings of the molecules or atoms in other salt 
crystals and in metals and alloys such as iron and steel. Laue 
photographs also reveal the effects of cold-work, crystal size, and 
internal strain in metals. The photographs obtained by the Laue 
method are not easily interpreted, however, and the greatest 
advance in our knowledge of crystal structure is due to Sir 
William Bragg, who realized that X-rays would penetrate the 
actual surface of the metal, but that, underneath the surface, the 
surfaces or planes in which the atoms were situated would serve 
as internal reflecting planes for the X-rays, in much the same 
way as ordinary light is reflected from a plane polished surface. 
There is this difference, however; the reflected rays from the 
different layers interfere with each other, and a “ fuzzy ” photo¬ 
graph is thus obtained unless the relationship 
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zd^inB = n\ 

is fulfilled, where d is the distance between two successive layers 
of atomic planes, 6 is the angle (the glancing angle) which the 
X-ray beam makes with the surface of the alloy under examina¬ 
tion, A is the wave-length of the X-ray, and n is an integer (i.e. a 
whole number), as represented in fig. 6o. This relationship is 
known as the Bragg law. 

X-Rays and Crystal Structure. 

When these conditions are satisfied each reflected ray re¬ 
inforces others and a series of sharp bands is then obtained 
on a photographic film placed in such a position as to receive 
the reflected rays. The bands or lines on the film are then spaced 
at definite distances, and from these the distances between the 
atomic planes may readily be obtained by calculation, i.e. by 
this means the distances between the atoms may be ascertained. 
It was in this way that the fundamental structures of alpha and 
gamma iron, referred to in Chapter IV, were determined, where, 
it will be remembered, alpha iron was considered to possess a 
body-centred space-lattice and gamma iron a face-centred cubic 
lattice. Other metals and their alloys have been examined by 
this method, which is truly ultra-microscopic, and much funda¬ 
mental information regarding their structures has been obtained 
thereby. 

X-Rays and Interior Pictures of Metals. 

There is, however, another and perhaps still more impor¬ 
tant practical application of X-rays to industrial metallurgical 
problems. By using X-rays of greater penetrating power it is 
possible to obtain interior pictures of metals and alloys such 
as iron and steel. These are obtained in much the same way 
as X-ray pictures of the human body by the medical and surgical 
radiologists. In such instances, the resulting pictures are really 
shadowgraphs produced as a consequence of the fact that bones, 
foreign bodies and certain organs of the human body are much 
more opaque to X-rays than is the flesh. In a similar fashion 
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voids in metals and alloys, such as blowholes or gas cavities, 
internal cracks, included non-metallic matter, &c., allow the 
X-rays to pass through them more easily than through the metal 
itself. These defects are then revealed on the X-ray plate or film 
as dark patches as shown in fig. 61. In many instances the out¬ 
side surfaces of such articles as castings may be perfect, and it is 
only when they are (i) sectioned or (ii) subjected to X-ray ex¬ 
amination, that internal fissures, &c., are revealed (see figs. 61 
and 62). In the first method the article must be destroyed, so 
that there is at once an obvious advantage associated with the 
X-ray test, which is non-destructive. The X-ray has proved 
particularly useful in the examination of welds. 

Fig. 61 is a radiograph of a section of a steel casting for high- 
pressure steam line, showing gas cavities and an extended area 
of shrinkage. 

Fig. 62 is a photograph showing a section taken through both 
gas cavities and one of the shrinkage areas. 

Fig. 63 is a radiograph of another section of the same fitting 
showing shrinkages near the flange; apparently square nails 
were used for chilling, as indicated radiographically at X. 

Figs. 64 and 65 are reproductions from radiographs of two 
castings for a high-pressure steam line in a power plant. These 
cracks appear in the same place, at the chaplet^ indicating a faulty 
casting technique. A chaplet is a metallic support or stay given 
to a core within a mould, as an aid to or altogether independently 
of the core prints or impressions into which the ends of the cores 
fit. Chaplets are used underneath cores to support them, or above 
or at their sides, to sustain upward or sideways pressure due to 
the head and flow of metal. They are of various forms. Cores 
are bodies of sand or other mixture designed to form the central 
or inner cavity of a casting. 

Fig. 66 shows photographs of the two castings shown in figs. 
64 and 65, after sectioning through the cracks (dark areas). 

Fig. 67 is a radiograph showing cavities in a weld metal. This 
weld seemed an excellent one, and would have passed ordinary 
inspection. 

(f385) 
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From the above diagrams it will be seen that the X-ray con¬ 
stitutes a most valuable means for the revelation of internal 
defects in such materials as iron and steel and, as already pointed 
out, the lest is non-destructive in character, which is perhaps 
its greatest advantage. At the moment, unfortunately, the main 
difficulty lies in generating X-rays of sufficient penetrating power, 
and articles of more than a few inches in thickness cannot be 
satisfactorily examined by this method. 

Electron -Diffraction. 

Within recent years the electron-diffraction method for the 
examination of metals has been developed. In this a beam of 
electrons is allowed to impinge at an angle on the surface of the 
material under test and the deflected beams can be registered 
on a special photographic plate or film as with X-rays. There 
is this important difference, however. The electron beam does 
not penetrate the surface layers as do X-rays, and the electron- 
diffraction pattern thus indicates the structure of the actual 
surface. This method of examination is still in its infancy, but 
future results may play a most important part in our knowledge 
of the properties of metals, since it is becoming increasingly 
recognized that the properties of materials such as stainless steel 
are largely the properties of their surface layers. All the other 
methods indicate the structure of the metal beneath the surface. 
Here, then, is another useful and important metallurgical tool 
for the examination of metal structures. 



Fig. 67 


Facing p. 123 



THE STRUCTURE OF STEEL 


129 


Table I 

BRINELL’S HARDNESS NUMBERS 


Diameter of Steel Ball .. 10 mm. 

Pressure .. 3000 kg. 
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Table II 


CONVERSION TABLE OF VARIOUS HARDNESS NUMBERS 

This table applies only to chemically and mechanically uniform steels 
containing carbon, chromium, nickel, vanadium, molybdenum, silicon 
and manganese, none of the alloys exceeding 4 per cent. No cold- 
worked steels are included. All testing methods used were those re¬ 
commended by the manufacturers of the respective instruments. 
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GLOSSARY 


Ageing: A spontaneous alteration in the properties of both non-ferrous 
and ferrous materials. It may occur at ordinary temperatures or 
at a slight degree of heat, either after the last heat treatment 
operation (usually quenching) has been carried out on the steel, 
or after the last mechanical or manual cold-working process. 

Allotropic modifications: The various forms in which one and the 
same element may exist. 

Alpha iron: Iron below 768 ° C. 

Annealing: A process of softening steel by heating it to a suitable 
temperature. The process also relieves the internal stresses pre¬ 
viously set up by hot manipulation. 

Arrest points: See Critical Points. 

Austenite: The solid solution of carbide of iron in gamma (y) iron. 

Beta iron: Iron between 900 ° and 768 ® C. 

Blow-holes: Gas-cavities in steel. 

Body-centred cubic lattice: A space lattice diagram in which there 
is an atom at each corner and also one in the middle of each cube. 

Brinell test: A method of testing the hardness of steel by forcing a 
small hardened and tempered chromium-steel or tungsten-carbide 
ball of specific size under pressure into the steel to be tested. 

Carbide of iron (FCgC): A compound of iron with carbon, intensely 
hard and brittle. 

Case-carburizing, Case-hardening: A method of giving an extremely 
hard outer skin or case to a steel by embedding it in a highly 
carbonaceous substance and heating to a suitable temperature for 
a protracted period. 

Caustic embrittlement: A defect occurring principally in steel 
pressure vessels, where the metal is subjected to high and con¬ 
tinuous stresses in the presence of a strong alkaline solution. The 
result is the formation of intercrystalline cracks. 

Cementite: A name given to carbide of iron (q.v.). 

Cleavage planes: The sets of parallel planes in which the atoms in a 
crystal are situated. 

Compound: The chemical combination of two substances, possessing 
different properties from those of either substance singly. 

Compression strength: The ability of a steel to resist a compressive 
force developed by a specinc load placed upon it. 

Corrosion fatigue: A fatigue crack formed in steel subjected to 
fluctuating or alternating stresses and placed within the influence 
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of any corrosive agency. The corrosive attack develops most 
effectively in the area of localized stresses, and eventually sets up 
conditions favourable to fatigue crack formation. 

Critical points: Important temperatures on inverse rate cooling 
curves (q.v.) showing where vital structural changes occur. 

Crystal: See Grain. 

Delta iron: Iron between its freezing-point and 1404 ° C. 

Dilatometric test: A test indicating the volume changes that take 
place in a steel when heated or cooled. 

Elastic limit: The point at which the steel ceases to be elastic under 
increasing stress. 

Electrolysis: Chemical decomposition by means of an electric current. 

Element: A substance in which all the atoms are alike and possess the 
same chemical properties. 

Elongation: The percentage extent to which a steel elongates under 
a given stress or load in the tensile test. 

Equilibrium diagram: A method of indicating diagrammatically the 
structural changes in steel corresponding to changes in temperature. 

Etching: Treating a metallic specimen with chemical reagents to show 
up the different structural constituents. 

Eutectic: The mechanical mixture of two solid phases or conditions of 
a substance when composition and freezing temperature are fixed 
and invariable. 

Eutectoid: A substance of similar properties to a eutectic, but formed 
entirely from solid solutions instead of from liquid solutions. 

Face-centred cubic lattice: A space lattice diagram in which in 
addition to an atom at each corner, there is also an atom at the 
centre of each face of the cube. 

Fatigue tests: Tests that determine the ability of a steel to withstand 
repeated stresses. 

Ferrite: Practically pure iron precipitated during the cooling of steels 
containing less than 0-85 per cent of carbon. 

Free-cutting steels: Steels rendered specially easy to machine, 
generally of low carbon content, and containing elements such 
as sulphur or selenium. 

Gamma iron: Iron between 1404 ° and 900 ° C. 

Grain: The irregularly shaped small cubic cells or structural units of a 
metal as seen under the microscope. 

Graphite: The free, i.e. uncompounded, carbon present in cast iron. 

Inverse rate curve: A cooling curve or graph in which temperature is 
correlated with the structural changes of a material. 

Izod impact test: A method of testing the resistance of steel to 
impact and shock. 

Macrography: The examination of the structures of metals, either' 
visually or at very low magnification 
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Martensite: A constituent of steel formed when it is quenched from 
temperatures above its upper critical point. 

Mechanical mixture: The mixing of two or more substances in such 
a way that they retain their separate individualities, e.g. sand and 
sugar. 

Nitrided steels: Those in which an intensely hard abrasion-resisting 
outer skin or case is produced by introducing nitrogen into the 
surface layers of certain steels. 

Normalizing: A process of refining the structure of steel by heating 
it to a suitable temperature and allowing it to cool in air. 

Orientation: That effect in crystals in which in each separate crystal 
the axes of the small cubes all point the same way, but in different 
directions from one crystal to another. 

Pearlite: A mechanical mixture or eutectoid consisting of cementite 
and ferrite in definite proportions. 

Phase: A term often used to connote the particular structural state of 
a steel at a given moment, e.g. solid or liquid phase. 

Photomicrographs: Photographs of microscopically magnified steel 
specimens showing structures and constituents. 

Precipitation: The throwing out of solution of dissolved particles 
when, owing to a change in the conditions, that solution can no 
longer retain them as dissolved. 

Recalescence: The sudden evolution of heat at a central point in the 
cooling of steel. 

Reduction of area: The percentage of the original cross-section of a 
steel testpiece represented by the fractured cross section after the 
tensile test has been carried out. 

Red-hardness: The cutting efficiency of a steel at elevated tempera¬ 
tures. 

Saturated solution: One in which as much of a substance is dissolved 
in a liquid as it will take. 

Segregation: Concentration of sulphur and phosphorus or other 
impurities, during the freezing of steel, in certain areas or zones. 

Shearing tests: Tests to ascertain the ability of a steel to withstand 
a shearing action. 

Solid solution: The condition of steel in which, as a result of raising 
the temperature, the iron carbide dissolves in the iron. 

Sorbite: The constituent produced in steels that have been hardened 
and fully tempered. It consists of minute particles of carbide of 
iron uniformly distributed throughout the ferrite matrix. Sorbite 
can also be produced by cooling heated steel at a slower rate than 
is required for the formation of troostite, as in large masses cooled 
in air or oil. 

Space lattice: The arrangement or spacing of atoms, diagrammatically 
represented. 

Sulphide of iron: A chemical compound of iron and sulphur. 
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Tempering: The reheating of steel to some temperature below that of 
its lower critical point, so as to reduce the brittleness caused by 
hardening. 

Tensile strength; The ability of a steel to withstand a specific pulling 
stress. 

Thermal hysteresis or lag: The difierence between the arrest or 
critical points when steel is heated and when it is cooled. 

Time temperature curve: A curve or graph in which time is corre¬ 
lated with temperature. 

Torsion test: A test indicating the ability of a steel to wthstand 
twisting stresses. 

Troostite: A transitional substance in steel arising out of the break¬ 
down of austenite into pearlite, but formed at a much higher 
temperature than martensite. 

White cast iron: Cast iron containing more than i-8 per cent of carbon 
(as carbide). 

Yield point: The point at which, when steel is stretched in the tensile 
test, there is a sudden very great elongation (or increase of strain) 
produced by a very small addition to the load. 
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